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ABSTRACT 


This  research  was  concerned  with  the  human's  behavior  in  adapting 
his  response  mode  to  variations  of  certain  conditions  of  a  compensatory 
tracking  task.  The  task  conditions  evaluated  were  quickening  level, 
system  gain,  task  load,  and  task  complexity.  The  results  of  the  studies 
show  good  agreement  with  the  transfer  function  "adjustment  rules"  developed 
by  other  investigators.  When  quickening  is  introduced,  the  human  adjusts 
his  transfer  function  in  a  systematic  and  predictable  manner  in  response 
to  variations  of  the  quickening  level.  As  the  amount  of  quickening 
increases  the  operator  increases  gain  and  lag  but  decreases  lead  —  going 
from  a  lead- lag  form  of  transfer  function  for  no  quickening  to  a  lag  form 
for  full  quickening.  The  human  adjusts  his  equalizing  parameters  to 
achieve  stable  loop  performance  for  all  quickening  levels.  Man's  ability 
to  reduce  the  system  error  is  significantly  affected  by  the  distribution 
of  gains  in  the  overall  man-machine  system.  The  human's  transfer  function 
for  single  and  dual  task  load  conditions  probably  differs.  Tracking  error 
was  found  to  be  least  when  the  quickening  level  used  in  the  second  axis  is 
identical  to  that  in  the  axis  of  primary  interest;  error  increased  as  the 
quickening  levels  for  the  two  axes  became  more  dissimilar.  Display  error 
scoring  yielded  an  order  of  merit  for  quickening  levels  that  was  directly 
contradictory  to  that  obtained  with  system  error  scoring.  System  error 
was  greater  for  a  quickened  system  than  for  an  unquickened  system.  This 
finding  provides  strong  support  of  the  need  for  an  antibias  network  in  many 
applications  of  display  quickening  to  vehicle  control  problems. 
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SECTION  I 


INTRODUCTION 


One  task  frequently  assigned  to  the  human  in  a  complex  man-machine 
system  is  that  of  executing  closed-loop  system-control,  i.e.,  tracking. 

In  this  task  the  human  is  required  to  minimize  continually  the  discrep¬ 
ancy  between  an  indicant  of  desired  system  performance  and  an  indicant  of 
actual  system  performance.  The  human  is  thus  an  element  in  a  closed- 
loop,  feedback  system.  Figure  1  presents  a  block  diagram  of  this  feed¬ 
back  (servo)  system. 


Figure  1.  Block  Diagram  of  Man-Machine  Feedback  System 


Considering  the  human  as  a  servo-system  element  has  led  to  the 
application  of  various  servo-system  concepts  in  the  study  of  the  human’s 
functional  control  properties.  One  such  concept,  the  transfer  function, 
has  been  applied  since  the  early  work  of  Tustin  (ref  24)  and  Ragaszini 
(ref  19).  To  avoid  any  confusion,  the  term  "transfer  function"  will  be 
used  herein  specifically  to  refer  to  the  linear  component  of  an  output- 
inpiit  relation  in  the  complex  variable  domain.  In  this  sense  the  human 
transfer  function  (HTF)  is  defined  as: 


HTF  =  L(0H)/L(e) 

where  L  indicates  the  Laplace  transformation,  8jj  represents  human  output 
and  e  represents  the  (error)  input  to  the  human  (see  fig.  1).  Inter¬ 
pret  ively,  the  transfer  function  maps  the  input  signal  into  the  output 
signal.  (An  excellent  review  of  studies  of  human  transfer  function  is 
presented  in  reference  16.) 

One  of  the  major  efforts  to  consider  the  human  as  a  functional  servo 
system  was  undertaken  at  the  Naval  Research  Laboratory  (refs  2,  3>  4,  20) 
In  a  now-classic  paper  (ref  2),  a  "basic  principle  of  control  design"  is 
developed  stating,  in  essence,  that  when  designing  man-machine  control 
sj^stems,  man  should  be  required  to  act  at  no  more  complex  a  level  than 
does  a  simple  amplifier. 
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The  primary  technique  offered  in  reference  2  as  consonant  with  the 
above  principle  is  that  of  display  quickening.  Specifically,  in  an 
unquickened  system  [see  fig.  2(a)]  the  human  views  an  error  signal  as 
e  =  -  0O.  In  a  quickened  system  [see  fig.  2(h)],  the 

•  ** 

human  views  an  error  signal  e  =  0^  -  kx0o  +  k20o  +  k30o 

0O  are  the  first  and  second  time  derivatives,  respectively,  of  90.  A 
quickened  display  should  result  in  better  performance  because  the  human 
using  such  a  display  would  be  required  to  do  less  differentiating  (rate 
estimation),  since  derivative  information  would  be  inherent  in  the 
displayed  signal.  That  is,  the  human  would  be  performing  functionally 
in  a  manner  more  analogous  to  a  simple  amplifier. 

Therefore,  a  human  transfer  function  derived  under  conditions 
involving  the  use  of  a  quickened  display  should  show  characteristic  and 
predictable  difference  from  a  human  transfer  function  derived  under 
unquickened  conditions.  This  prediction  was  explicitly  investigated  in 
a  single  axis  tracking  task  (ref  l8)  with  results  supportive  of  the 
prediction.  Also,  quickening  of  the  display  resulted  in  significantly 
lower  display  error. 

Four  questions  of  more  general  interest  now  arise.  The  first  question 
concerns  the  manner  in  which  various  display  quickenings  influence  system 
error.  This  question  is  important  since  virtually  all  of  the  previous 
research  on  quickening  has  treated  displayed  error  as  the  criterion  metric, 
e.g.,  references  3,  10,  and  20.  Contrastingly,  very  few  studies  have  used 
system  error,  e.g.,  reference  23*  The  distinction  between  the  system 
error  score,  es,  and  display  error  score,  for  quickened  conditions 
is  evident  from  the  following  equations  [also  see  fig.  2(b)]; 

es  -  9i  -  kj^o  (l) 

Ep  =  ~  (kx^o  +  k20o  +  k30o) .  (2) 

A  second  area  of  interest  relates  to  the  possibility  of  determining  a 
set  of  rules  governing  the  human's  adaptive  behavior  in  varying  his 
transfer  function  in  response  to  variations  in  display  quickening.  A 
third  question  concerns  the  degree  of  similarity  of  the  operator’s  trans¬ 
fer  function  for  single  and  dual  axis  tasks  for  different  quickening 
conditions.  A  fourth  area  of  interest  is  related  to  the  effect  of  non¬ 
symmetry  in  the  quickening  levels  for  the  two  coordinates  during  dual 
axis  tracking  tasks.  These  questions  are  approached  in  three  separate 
experiments. 
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(a)  Unquickened  System 


Figure  2.  Example  of  an  unquickened  and  a  quickened  system 


SECTION  II 


EXPERIMENT  I 


PURPOSE 

This  experiment  was  designed  to  investigate  the  influence  of 
various  display  quickening s  on  system  accuracy  and  to  provide  transfer 
function  data  to  he  used  for  deriving  rules  which  describe  how  the 
operator  adjusts  to  differing  quickening  conditions.  The  "adjustment 
rules"  offered  by  previous  investigators  in  the  area  of  aircraft  handling 
qualities  (refs  1,  13,  15,  16)  were  developed  for  nonquickened  control 
systems.  It  is  of  interest,  therefore,  to  determine  the  extent  to  which 
these  same  rules  apply  to  quickened  control  systems.  The  existing 
"adjustment  rules"  are  based  on  the  large  amount  of  data  accumulated  on 
human  response  characteristics  during  the  past  two  decades  concerning 
manual  tracking  situations  in  which  the  human  maintains  continuous  closed- 
loop  control  in  response  to  random  appearing  forcing  functions.  The 
human’s  adaptive  behavior  as  a  dynamic  element  in  such  situations  has 
been  found  to  be  most  succinctly  expressed  in  servo- engineering  terms. 

The  most  auspicious  endeavor  to  develop  a  servo-theory  model  of  the  man 
based  on  all  of  the  data  available  at  the  time  was  undertaken  in  reference 
16,  All  of  the  quasi-linear  describing  function  data  examined  by  these 
authors  were  curve-fitted  to  provide  mathematical  expressions  of  the 
functional  relations  between  the  operator’s  response  characteristics  and 
various  forcing  functions  and  machine  dynamics.  On  the  basis  of  these 
mathematical  expressions  a  hypothetical  transfer  function  model  of  the 
man  was  developed.  The  basic  element  of  the  linear  adaptable  model  of 
the  human  operator  was  given  in  reference  16  in  the  equation  form: 


K  (1  +  aT  s) 

HTF  =  -E - - - 

(1  +  T  s)(l  +  T s) 


-TS 

e 


KP  t1  *  y) 

(1  +  TjS)  (l  +  TjjS) 


where ; 

Reaction  time  delay,  t,  is  0.12  <  t  <  0.20  seconds, 
Neuromuscular  lag,  T^,  is  partially  adjustable  for  task, 

(1  +  aTjs)  (1  +  Tls) 

Equalization  term,  E  =  -  =  - 

(1  +  TjS)  (1  +  TjS) 

Adjustable  with  forcing  function  and  controlled  element 


(3) 


(4) 
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Gain,  Kp,  is  adjustable  for  overall  system  stability  and 
low  frequency  performance  (ref  16,  p.  220,  eq.  IV- 4) . 

The  manner  in  which  the  human  operator  adapted  his  transfer  function 
to  most  effectively  contend  with  the  tracking  task  was  described  in 
reference  16  as  follows: 

"Within  the  limitations  of  the  above  form  the  operator  adapts  his 
describing  function  (lag-lead,  lead- lag,  pure  lead,  pure  lag,  or  pure 
gain)  to  obtain  what  he  considers  to  be  an  optimum  controller,  controlled- 
element  system  response  in  the  presence  of  the  forcing  function.  The 
describing  function  form  adopted  is  one  consistent  with  stability  and 
good  low  frequency  control  of  the  overall  system.  The  constants  are 
adjusted  to  some  criteria  akin  to  that  of  rms  minimization  criterion  of 
servo  theory.  In  most  cases  with  forcing  functions  having  a  fairly  low 
frequency  content,  the  overall  system  probably  exhibits  marginally  stable 
high  frequency  control.  In  other  words,  the  operator  transfer  function 
for  a  given  task  is  very  similar  to  the  one  that  a  servo  engineer  would 
select  if  he  were  given  an  element  to  control  together  with  a  ’black  box’ 
having  within  it  elements  making  up  the  describing  function  given  . . . 
and  knobs  on  the  outside  for  adjustment  of  a,  T  ,  and  K .  ."  (ref  16, 

p.  220).  P 

The  above  quoted  passage  is  the  first  statement  of  "adjustment 
rules."  It  can  be  seen  that  the  rules  are  essentially  statements  of  an 
inferential  nature  based  on  a  large  number  of  empirical  observations  for 
a  variety  of  tracking  situations. 

The  pioneer  work  of  McRuer  and  Krendal  (ref  l6)  has  been  extended  by 
more  recent  investigators  to  include ■ additional  adjustment  rules 
(refs  1,  13,  15)*  A  summary  version  of  the  servo  model  of  human  operation 
and  adaption  as  currently  envisioned  by  these  investigators  consists  of  two 
elements : 

1.  A  general  transfer  function  form,  and 

2.  A  series  of  "adjustment  rules"  which  specify  the 
values  that  the  parameters  in  the  general  transfer 
function  should  assume  in  order  to  comprise  an 
appropriate  model  of  human  behavior.  The  parameter 
values  are  recognized  as  being  functions  of  the 
particular  conditions  (e.g.,  forcing  function  and 
controlled  element)  being  considered. 

The  "adjustment  rules"  apply  to  the  coefficients  of  the  so-called 
"pilot  equalizer"  term, 

Tts  +  1 

E  =  — -  (5) 

TjS  +  1 
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and  to  the  gain  factor,  Kp.  (The  other  coefficients,  Tn  and  t,  of  the 
equation  given  earlier  are  considered  in  this  first  approximation  as 
"not  adjustable  by  pilot"  (ref  15,  p.  11}.)  The  adjustments  referred  to 
above  “can  be  divided  artificially  into  two  categories  --  adaptation  and 
optima 11 zat ion.  Broadly  speaking,  adaptation  is  the  selection  by  the 
pilot  of  a  specific  form  (lag- lead,  lead-lag,  pure  lag,  or  unity)  for 
the  equalization  characteristics,  and  optimalization  is  the  adjustment 
of  both  the  gain  and  the  selected  equalization  parameters  to  satisfy  some 
internally  generated  criteria, "  (ref  15,  p.  U) .  A  more  detailed  set  of 
"rules”  has  been  presented  by  Ashkenas  and  McRuer  (ref  1)  and  restated 
with  minor  modifications  by  Jex  and  Cromwell  (ref  13)  in  the  context  of 
aircraft  handling  qualities. 

Thus,  one  of  the  objectives  of  the  present  study  is  to  provide  a 
similar  set  of  rules  describing  changes  in  human  transfer  functions  as 
quickening  conditions  are  changed.  The  development  of  a  set  of  such 
rules  will  comprise  a  major  step  forward  in  terms  of  a  practical  tool 
for  use  in  system  design.  Further,  an  attempt  will  be  made  to  relate 
the  display  quickening  "rules"  and  the  handling  qualities  "rules"  within 
the  framework  of  feedback  theory. 

SUBJECTS 

Ten  male  employees  of  North  American  Aviation,  Inc.,  voluntarily 
served  as  subjects  in  the  experiments .  Subjects  were  engineering  and 
technical  personnel  with  ages  ranging  from  23  to  34.  None  of  the  subjects 
had  had  any  prior  tracking  or  flying  experience. 

APPARATUS 

A  block  diagram  of  the  complete  apparatus  for  the  longitudinal  axis 
is  presented  in  figure  3  (the  lateral  axis  has  the  identical  instrumenta¬ 
tion).  Six  major  elements  may  be  identified.  The  first  major  element, 
the  tracking  device,  consists  of  the  operator* s  display  and  control  stick. 
The  second  major  element  consists  of  the  forcing  function  generator. 

Third,  there  is  the  transfer  function  synthesis  circuit  which  computes 
the  coefficients  of  the  transfer  function  for  the  operator- control  stick 
combination.  Fourth,  the  Manalog  Circuit  simulates  the  latter  transfer 
function  and  is  used  to  test  the  synthesizing  circuit.  Fifth,  there  are 
auxiliary  scoring  circuits  which  provide  various  measures  of  system 
performance.  Finally,  there  is  the  performance  recording  apparatus. 

Tracking  Device 

The  operator's  work  space  is  illustrated  in  figure  4.  A  TEKTRONIX 
Type  536  oscilloscope  was  used  for  the  display,  with  a  l/l6  inch  diameter 
error  dot.  Hair-line  crosshairs  served  as  reference  markers.  The  operator 
performed  a  compensatory  tracking  task,  i.e.,  he  operated  the  control  stick 
as  required  to  maintain  minimum  displacement  of  the  error  dot  from  the 
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Integrator  Manalog  Circuit 
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Figure  3.  OveraU  block  diagram  of  apparatus  for  the  Y  axis 
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Figure  4.  The  Operator's  Workspace 


intersection  of  the  crosshairs  at  the  center  of  the  5-inch  scope.  The 
scope  gain  was  one  centimeter  per  volt. 

The  control  was  an  aircraft  type  control  stick  pivoted  at  a  hinge 
point  located  48.9  centimeters  from  the  second  finger  contact  point  (see 
Appendix  1,  fig.  If).  Maximum  control  displacement  was  12.7  centimeters 
forward,  and  17.8  centimeters  aft  or  to  either  side.  Individual  mechani¬ 
cal  locks  prohibited  movement  in  the  noncontrolled  axis  during  single 
axis  tracking  tasks.  For  dual  axis  tracking  tasks  both  locks  were  dis¬ 
engaged  thereby  permitting  simultaneous  longitudinal  and  lateral  move¬ 
ments  to  be  made. 

The  control  stick  had  the  same  spring  loading  of  approximately  .60 
lb/ deg.  in  each  axis.  The  force  versus  displacement  function  for  the 
control  stick  is  shown  in  figure  16  (Appendix  I)  for  both  the  lateral 
and  longitudinal  axes.  The  breakout  force  was  approximately  .3  lbs.  in 
all  four  directions.  There  was  no  stick  damping  and  the  mass  of  the 
stick  was  approximately  five  slugs.  The  stick  was  instrumented  with 
position  sensing  potentiometers  which  transmitted  5  volts  per  degree  of 
stick  movement.  The  two  potentiometer  nulls  were  kept  adjusted  to  the 
stick  neutral  position  with  negligible  electrical  deadband.  The  output 
from  the  control  stick  potentiometer,  0c,  was  fed  into  a  simulated 
mechanism  consisting  of  gain,  1^,  and  two . cascaded  integrators.  The 
system  output,  0O,  its  first  derivative,  0O,  and  the  second  derivative, 

4*0,  were  fed  back  to  summers  as  illustrated  in  figure  3*  Various  quicken¬ 
ing  coefficient  values  were  established  bjr  varying  the  gains,  k2  and  k3  in 
the  quickening  feedback  loops  for  0O  and  0*o,  respectively. 

Forcing  Function  Generator 

The  output  of  a  random  noise  generator  was  passed  through  a  second 
order  lead  fourth  order  lag  filter  to  produce  a  forcing  function  having 
a  nominal  cut-off  frequency  of  one  radian  per  second.  Figure  5  depicts 
the  power  spectral  density  of  the  forcing  function.  Two  separate  noise 
generators  were  used  in  order  to  provide  independent  forcing  functions 
for  the  lateral  (X)  and  longitudinal  (Y)  axes. 

Transfer  Function  Synthesis  Circuit 

The  transfer  function  (TF)  for  the  man-control  stick  combination  was 
measured  by  a  modified  version  of  the  analog  implicit  synthesis  technique 
used  by  Ornstein  (ref  18).1  A  TF  of  the  form: 


was  assumed  (ref  16) . 
equivalent  form: 


K  (1  +  Tls) 

-  e-TS  (6) 

(1  +  TjS) (l  +  T^s) 

For  computational  expediency  the  coefficients  of  the 


1  The  modification  of  the  technique  is  described  in  Appendix  III. 
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(A  +  Bs) 

(1  +  Cs  +  Ds2) 


(7) 
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were  synthesized  where  A  =  K_,  B  =  Kp  •  T^,  C  =  Tj  +  and  D  =  Tj  *  T^. 
The  coefficient  synthesis  equations  are  contained  in  Appendix  II.  The 
reaction  time  exponent,  t,  was  assumed  to  have  a  fixed  value  of  .2  seconds. 
A  separate  TP  synthesis  circuit  was  provided  for  each  axis  and  the  trans¬ 
fer  functions  coefficients  were  estimated  "on  line"  for  both  the  X 
(lateral)  and  Y  (longitudinal)  axes  simultaneously. 

A  study  was  conducted  to  determine  the  variations  of  the  transfer 
function  coefficients  due  to  error  in  the  assumed  t  value.  The  results 
are  presented  in  table  I  and  show  that  the  computed  transfer  function 
has  an  accuracy  of  five  degrees  and  one  decibel  over  a  bandwidth  approach¬ 
ing  ten  radians  per  second  at  least  for  .14  <  t  <  .26. 

The  control  stick  had  a  constant  gain  of  5  volts  per  degree;  the 
synthesized  man-control  stick  TF  coefficients  were  adjusted  by  this  factor 
to  provide  a  measure  of  the  man’s  TF  per  se. 

The  convergence  rate  of  the  transfer  synthesizing  circuit  is  improved 
if  the  TF  coefficient  values  determined  at  the  end  of  one  trial  are 
inserted  as  initial  conditions  for  the  next  trial  (ref  18).  This 
procedure  was  automated  in  that  the  computer  would  automatically  "hold" 
the  terminal  TF  coefficient  values  from  the  end  of  one  trial  to  the 
beginning  of  the  next. 

The  Manalog  Circuit 

An  analog  circuit  was  instrumented  to  have  the  same  TF  form  as  was 
assumed  for  the  man  (ref  18).  Separate  circuits  were  placed  in  the  over¬ 
all  network  so  that  they  could  be  substituted  for  the  human  operator  in 
both  axes  simultaneously  (see  fig.  3).  These  circuits  were  assigned  TF 
coefficient  values  similar  to  those  of  a  human  and  were  routinely  used 
to  check  accuracy  of  the  TF  synthesis  circuit. 

Scoring  Circuits 

Scoring  circuits  were  instrumented  on  two  EAI  consoles  (Models  131R 
and  231R)  for  the  following  measures: 

a.  Mean  Square  System  Error 

T 

ej  -  1/T  J  e2  dt  (8) 

o 
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Table  1 


GAIN  AND  PHASE  ERROR  BETWEEN  ACTUAL  TRANSFER 


FUNCTION 
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b. 


c. 


a. 


e. 


Mean  Square  Display  Error 


Mean  Square  Input 


ef 


System  Error  Ratio  Score 


Di splay  Error  Ratio  Score 


(9) 


(10) 


(ii) 


(12) 


f.  Mean  Transfer  Function  Coefficients 


T 

A  =  l/T  J  A  dt  (Similarly  for  B,  C,  ana  D).  (13) 

o 

All  scoring  integrations  automatically  began  10  seconas  after  the 
initiation  of  a  trial  ana  terminated.  at  the  completion  of  the  trial.  All 
trials  were  one  minute  in  length. 

Performance  Recoraing  Equipment 

The  values  for  the  integratea  performance  measures  were  printea  out 
at  the  completion  of  each  trial.  During  each  trial  20  performance 
measures  were  continuously  recoraea  on  three  oscilloscopes  (an  Offner 
Electronics,  Inc.,  Model  RMC  and  two  Brush  Mk.  2(S>0  recorders.)  The  ten 
measures  recorded  for  each  axis  were  A,  B,  C,  D,  e^,  e^,  0.,  60}  Qc>  and 
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EXPERIMENTAL  PROCEDURE 


The  general  procedure  was  standardized  for  all  experiments.  The 
detailed  instructions  read  to  each  subject  at  the  beginning  of  his  first 
experimental  session  applied  to  all  succeeding  experiments.  (See  Appendix 
IV.) 

Following  the  initial  briefing  for  the  session,  the  subject  ms 
seated  directly  in  front  of  the  oscilloscope.  He  ms  permitted  to  adjust 
his  viewing  distance  within  a  range  of  10  to  24  inches  at  eye  level.  He 
positioned  his  arm  and  hand  as  he  desired  with  the  restriction  that  he 
was  to  keep  the  control  stick  centered  with  reference  to  his  body. 

The  experimenter  initiated  the  trial  upon  obtaining  confirmation 
that  the  subject  was  "ready."  Completion  of  the  trial  was  signalled 
by  the  error  dot  abruptly  stepping  at  a  fixed  position.  The  subject 
then  noted  his  system  error  ratio  score  which  ms  directly  displayed  on 
a  meter  adjacent  to  the  oscilloscope.2  It  required  approximately-  30 
seconds  for  the  experimenter  to  record  data  and  reset  the  apparatus, 
whereupon  he  announced  to  the  subject  that  the  equipment  ms  reset.  The 
experimenter  initiated  the  next  trial  when  the  subject  replied  that  he 
ms  "ready."  Trials  were  administered  In  blocks  of  five  during  all 
experiments.  The  subject  ms  given  a  rest  of  5  minutes  or  more  after 
each  block  of  trials.  Experimental  sessions  usually  lasted  1-1/2  hours 
but  occasionally,  extended  to  two  hours  due  to  equipment  malfunction, 

DESCRIPTION  OF  THE  EXPERIMENTAL  VARIABLES 

It  can  be  seen  in  figure  2(b)  that  display  error  can  be  represented 
by  the  general  equations 


eD  =  S^  “(hi  S0  +  k£  0O  +  k3  S0)  (l4) 

The  four  quickening  conditions  investigated  in  this  experiment  were  as 
follows i 

No  Quickening  (NQ)i  kx  =1,  k£  =  0,  k3  =  0  (15) 

Partial  Quickening  (BQ)i  kx  =  1,  k2  =  ,5>  k3  =  0  (16) 

Full  Quickening  No.  1  (FQi);  kx  =1,  k£  =  .5,  &3  ~  *125  (17) 

Full  Quickening  No.  2  (FQ2)i  kx  =1,  k2  =  . 7075 ,  k3  =  ,125  (l8) 


2  The  correlation  between  system  and  display  error  scores  ms  found  to 
average  .562  for  the  FQX,  FQ2,  and  PQ  conditions,  this  value  being  signi¬ 
ficant  beyond  the  .01  level.  System  error,  rather  than  display  error,  ms 
displayed  to  the  operator  because  system  error  is  the  criterion  of 
primary  importance  for  vehicle  control  tasks. 
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Considerations  based  on  the  intermitteney  hypothesis  regarding  human 
tracking  behavior  have  led  researchers  to  specify  optimal  gain  values  of 
kx/k2  =  1/0.5  for  the  FQ  condition  and  ki/ks/ka  =  1/0. 5/0.125  for  the  FQ 
condition  (refs  6 ,  21).  These  values  have,  in  general,  been  found  to 
result  in  high  performance  in  most  applications .  The  FQX  and  FQ2  condi¬ 
tions  have  very  similar  Bode  plots  for  the  frequency  range  of  interest 
(0-1  radians  per  second).  It  is  of  interest,  therefore,  to  evaluate  the 
effects  on  performance  of  the  different  gain  factors  for  the  first 
derivative  feedback  term  of  the  two  FQ  conditions. 

Each  of  the  ten  subjects  was  given  100  one  minute  trials  for  each 
of  the  four  quickening  conditions.  Approximately  30  trials  were  adminis¬ 
tered  in  experimental  sessions  of  90  minutes  duration  each.  A  subject 
completed  all  100  trials  for  a  given  condition  before  proceeding  to  the 
next  condition.  Two  sequences  were  followed:  (l)  FQX,  FQ2,  PQ,  and  HQ 
(5  subjects)  and  (2)  FQ2,  FQX,  FQ,  and  HQ  (5  subjects).  Thus,  the  order 
of  presentation  of  the  two  FQ  conditions  was  counterbalanced  over  two 
groups;  five  subjects  having  been  randomly  assigned  to  each  group.  The 
PQ  and  HQ  conditions  were  administered  last  in  order  to  secure  maximum 
transfer  of  training  from  the  higher  quickening  levels  to  the  NQ  conditions.3 

At  the  conclusion  of  400  trials  the  ten  subjects  were  given  an  addi¬ 
tional  10  trials  each  for  FQX,  PQ,  and  HQ.  The  order  of  presentation  of 
these  conditions  was  counterbalanced  over  subjects.  These  additional  ten 
trials  were  required  in  order  to  permit  a  comparison  of  performance  under 
these  three  quickening  conditions.  Such  a  comparison  could  not  appropriate¬ 
ly  be  made  for  the  first  100  trials  of  each  condition  due  to  the  effect 
of  the  order  of  presentation  of  these  conditions . 

RESULTS  AND  DETAILED  DISCUSSION 

This  section  presents  the  complete  data  for  the  experiment.  First  to 
be  considered  are  the  data  pertaining  to  the  effects  on  system  accuracy 
of  the  various  experimental  treatments.  The  results  with  respect  to  the 
transfer  function  parameter  values  associated  with  the  different  experi¬ 
mental  treatments  are  then  presented  in  order  to  provide  a  basis  for 
evaluation  of  the  functional  relationship  portraying  the  operator  adjust¬ 
ment  rules.4  Where  appropriate,  statistical  analyses  of  the  data  are 
also  presented. 


3  It  has  been  known  for  same  time  that  there  is  positive  transfer  of  train¬ 
ing  from  quickened  to  unquickened  systems  (ref  10).  Hudson  has  found  that 
use  of  an  adaptive  tracking  simulator  wherein  the  amount  of  quickening  is 
steadily  decreased  with  training  results  in  faster  learning  than  when  the 
adaptive  feature  is  not  used  (ref  11). 

4  The  results  unless  otherwise  explicitly  stated  are  based  on  performance 
in  both  axes.  It  is  interesting  to  note  that  performance  trends  with 
respect  to  quickening  effects  were  found  to  be  identical  for  the  two  axes 
in  a  separate  study  (ref  25). 
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Quickening  Effects  on  System  Accuracy 

The  system  and  display  error  ratio  scores,  Es  and  Ep,  respectively, 
stemmed  for  the  two  axes  for  trials  95  through  100  for  the  FQx  and  FQ2 
conditions  are  presented  in  table  II.  The  error  scores  for  each  axis  are 
presented  in  Appendix  V.  A  Wilcoxon  Matched  Replicates  Test  of  the 
difference  between  the  Eg  means  is  highly  significant  (p  <  .01)  whereas 
the  difference  between  the  Ejq  means  is  not  significantly  different.5 
It  is  to  be  noted  that  for  subjects  K,  B,  and  R  the  order  of  merit  for 
the  two  auickenings  given  by  Ep  contradicts  that  given  by  Eg. 

Table  III  shows  the  error  scores  summed  for  the  two  axes  for  trials 
105  through  110  for  the  FQX,  FQ,  and  NO,  conditions.  The  error  scores 
for  each  axis  are  given  in  Appendix  V, 

Bote  that  in  table  III  the  order  of  merit  of  the  three  auickenings 
is  directly  contradictory  for  the  two  types  of  error  scores.  All 
differences  between  means  are  significant  with  the  exception  of  NQ  <  RQ, 
for  Es  and  FQX  <  ^  for  Ep.  As  noted  earlier,  the  FQ2  condition  was 
found  to  have  a  significantly  higher  system  error  score  than  did  FQX. 

The  characteristic  distinguishing  the  two  conditions  is  the  higher  gain 
for  the  first  derivative  feedback  term  of  the  FQ,2  condition.  FQ,2, 
therefore,  represents  more  quickening  than  FQX,  i.e.,  the  error  signal  Is 
more  anticipatory  for  FQ^.  The  relationship  of  FQX  and  FQ2  is  thus  in 
line  with  that  shown  by  the  FQX,  PQ,  and  BQ,  comparisons,  viz.,  the  more 
quickening,  the  greater  the  system  error. 

The  discrepant  results  for  the  two  types  of  error  scores  may,  in 
part,  be  understood  if  one  considers  the  functional  relationship  between 
the  two  errors  by  subtracting  equation  (2)  from  equation  (l) 


€s  -  eD  +  +  k3®°  ^ 

We  assume  that  the  subject  attempts  to  minimize  the  display  error.  If  he 
should  do  a  good  job  of  minimizing  ep  so  that  it  Is  very  close  to  zero  in 
value,  we  see  that  a  system  error  would  still  exist  that  Is  proportional 
to  the  sum  of  the  first  and  second  derivatives  of  the  system  output.  It 
can  be  seen  that  minimizing  the  system  error  requires  that  the  subject 
make  his  display  error  equal  the  sum  of  the  two  derivative  terms;  thus, 
given  that 

=  €g  “(k20o  +  ^3®*o)  (20) 


5  As  will  be  true  throughout  this  report,  a  probability  of  ,05  or  less 
mil  be  the  significance  level  adopted  for  rejection  of  the  null  hypothesis. 
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Table  II 


ERROR 

SCORE  COMPARISONS 

OF  FQa. 

AND  FQ.2 

FOR  TRIALS  95 

THROUGH  100 

E 

s 

(x+y) 

(x+y) 

Subject 

_T 

FQi 

FQ.2 

B 

.2994 

.4844 

.0507 

.1016 

G 

.2597 

.5471 

.0371 

.0857 

H 

.3156 

.5496 

.0519 

.1450 

J 

.3063 

.4409 

.0043 

.0057 

K 

.3065 

.3848 

.0470 

.0257 

L 

.2956 

,4l4o 

.0323 

.0446 

M 

.  3462 

.5029 

.0602 

.0728 

N 

.2970 

.4130 

.1356 

.0501 

R 

.2847 

.3838 

.0534 

.0306 

W 

.3287 

.4560 

.0686 

.0729 

Means 

.3040 

.4576 

0* 

.0541 

.0635 

Significance  levels  (Wilcoxon  Matched  Replicates  Test) : 
*  p  <  .01  **  N.S. 
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Table  III 


ERROR  SCORE  COMPARISONS 
OF  FQ^  PQ,,  AND  NQ  FOR  TRIALS  105  THROUGH  110* 


Eg  (x+y)  Ed  (x+y) 


Subjects 

FQj 

m 

1% 

FQ. 

m 

B 

•  3719 

.1958 

.1995 

.0672 

.0562 

.1995 

G 

.2993 

.2341 

.0992 

.o4o6 

.0374 

.0992 

H 

.3235 

.2588 

.2575 

.0622 

.0943 

.2575 

J 

.4289 

.3099 

.2317 

.0911 

.0796 

.2317 

K 

•  2855 

.1982 

.1558 

.0619 

.0392 

.1558 

L 

.3367 

.1897 

.0587 

.0387 

.0280 

.0587 

M 

•  3972 

.2277 

.2533 

.0590 

.0524 

.2533 

N 

.3567 

.1987 

.0944 

.0624 

.0374 

.0944 

R 

.2969 

.2378 

.0882 

.0360 

.0371 

.0882 

W 

.3982 

•  3446 

.4618 

.1020 

.2107 

.4618 

Means 

.3495 

.2395 

.1900 

.0621 

.0672 

.1900 

*  Any  two  treatment  means  not  underscored  by  the  same  line 
are  significantly  different.  Any  two  treatment  means  under¬ 
scored  by  the  same  line  are  not  significantly  different.  The 
Wilcoxon  Matched  Replicates  Test  was  used  for  the  comparisons. 
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we  see  that  when  es  equals  zero  that 


eD  =  ”(^2^0  +  ^3®o) 


(21) 


That  is,  the  subject  must  deliberately  keep  the  error  signal  displaced 
away  from  the  center  of  the  scope  by  an  amount  proportional  to  the  sum 
of  the  two  derivative  terms.  It  may  readily  be  appreciated  that  this 
would  be  a  very  difficult  task. 

This  is  directly  related  to  the  requirement  for  an  antibias  network 
as  discussed  by  Birmingham  and  Taylor  (ref  2).  Specifically,  Birmingham 
and  Taylor  stipulated  that  an  antibias  network  should  be  included  whenever 
display  quickening  is  used  for  inputs  other  than  step  function  changes. 

(ref  2,  p.  20).  The  demonstrated  discrepancy  between  the  Ej)  and  Es  results 
offers  strong  evidence  of  the  importance  of  including  an  antibias  network 
in  the  application  of  display  quickening  to  a  vehicle  control  problem. 

Analysis  of  Obtained  Transfer  Function  Coefficients 

'  Table  IV  presents  the  values  of  the  transfer  function  parameters  K«, 

T]j,  Tjj  +  Ti,  and  %  •  Tj  for  the  10  subjects  for  the  FQX,  FQ2,  PQ,  and  NQ 
conditions.  Each  entry  in  table  IV  is  the  mean  value  of  the  TF  parameter 
for  trials  95  through  100.  Also  presented  are  the  corresponding  coefficient 
values  of  the  optimum  linear  transfer  function  which  a  servo  engineer  would 
select  in  order  to  achieve  minimum  display  error  ratio  score.  According 
to  reference  l6,  the  human  TF  is  very  similar  to  this  theoretically  optimum 
transfer  function.  The  optimum  transfer  functions  were  obtained  by 
simulating  the  complete  closed  loop  system  on  an  analog  computer  with  the 
assumed  form  of  the  man's  transfer  function  substituted  for  the  man  and 
then  adjusting  the  TF  coefficients  until  a  minimal  Ej)  was  realized.  No 
predetermined  convergence  scheme  was  used.  Initial  estimates  of  these 
coefficients  were  obtained  from  Bode  plots  constructed  with  the  aid  of  an 
IBM  7094  digital  computer. 

The  values  of  the  subjects'  gains  show  considerable  variability  for 
all  quickening  conditions.  The  subjects'  gains  generally  tend  to  be  lower 
than  optimum  when  the  optimum  value  is  relatively  high  (FQX)  and  higher 
than  optimum  when  the  optimum  is  relative  low  (NQ).  For  the  PQ  condition, 
the  lead  tenns  for  all  of  the  subjects  were  substantially  higher  than  the 
optimum.  For  the  NQ  condition,  the  values  of  the  subjects'  leads  show 
considerable  variability,  some  being  larger  and  others  smaller  than  the 
optimum.  All  of  the  subjects  showed  negligible  leads  for  the  FQX  and  FQg 
conditions.  The  sum  of  the  two  lags,  Tjj  +  Tj  for  the  subjects  was 
generally  lower  than  optimum  for  NQ,  FQX,  and  FQ2  and  higher  than  optimum 
for  PQ.  For  the  partial  quickening  case,  there  exists  a  high  correlation 
between  T^  and  Tjj  +  Tj.  This  suggests  that  the  subject  on  the  average 
introduces  a  lead  to  compensate  for  his  lag  thus  producing  a  nearly  flat 
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Table  IV 


COMPARISON  OF  OBTAINED  AND  OPTIMUM  TF  PARAMETER 
VALUES  FOR  FQj,,  FQ2,  PQ,  AND  HQ 
FOR  TRIAiS  95  THROUGH  100* 


FQi  -  X  Axis  FQ^  -  I  Axis 


Subjects 

K 

P 

Deg/ cm 

tl 

Sec. 

T  +T 
n 1i. 

Sec. 

T  *T 

N  I 

Sec.2 

T 

lL 

Sec. 

T  +T 

V  i 

Sec. 

T  °T 

N  1 

Sec.2 

B 

53-37 

0.61 

27.62 

0.25 

39.69 

0.00 

23.34 

O.76 

G 

49.75 

0.00 

23.90 

0.43 

40.24 

0.00 

23.40 

0.53 

H 

42.10 

1.03 

22.00 

0.54 

32.63 

0.32 

17.12 

0.60 

J 

36.90 

0.00 

17.28 

0.52 

31.06 

0.00 

15.18 

0.50 

K 

56.11 

1.37 

27.80 

0.31 

39.27 

0.00 

21.32 

0.40 

L 

54.66 

0.24 

16.36 

0.13 

39-73 

0.00 

11.94 

0.22 

M 

36.50 

0.00 

21.58 

0.56 

29.24 

0.00 

18.56 

0.90 

N 

22.35 

0.00 

12. 04 

O.89 

20.27 

0.00 

12.66 

1.07 

R 

39.81 

0.28 

13.42 

0.23 

29.96 

0.00 

9-64 

0.35 

W 

28.81 

0.00 

13.44 

O.63 

21.06 

0.00 

13.00 

1.14 

Means 

42.04 

0-35 

19.54 

0.45 

32.32 

0.03 

16.62 

0.65 

Optimum 

Values 

50.00 

0.00 

30.00 

0.00 

50.00 

0.00 

30.00 

0.00 

fq2  - 

•  X  Axis 

FQ2  - 

■  Y  Axis 

K 

P 

Deg/cm 

tl 

Sec. 

T  +T 

XN  I 

Sec. 

T  *T 

N  I 

Sec.2 

K 

P 

Deg/' cm 

tl 

Sec. 

T  +T 

H  I 

Sec. 

T  *T 

I 

Sec.2 

B 

25.95 

0.00 

21.28 

0.34 

17.54 

0.00 

17.80 

0.85 

G 

35.57 

0.97 

26.00 

0.10 

21.82 

0.00 

15.72 

0.47 

H 

23.53 

0.00 

14.88 

0.54 

20.44 

0.00 

14.74 

0.73 

J 

32.88 

0.00 

9.00 

0.18 

24.70 

0.00 

7.96 

0.32 

K 

38.14 

0.30 

17.18 

0.12 

28.92 

0.00 

14.50 

0.27 

L 

38.20 

0.00 

10.70 

0.11 

25.58 

0.00 

6.06 

0.23 

M 

29.84 

0.58 

21.90 

0.42 

20.72 

0.00 

12.44 

0.76 

N 

30.66 

0.00 

19.78 

0.32 

24.50 

0.58 

18.46 

0.42 

R 

37-22 

0.00 

14.76 

0.12 

25.90 

0.00 

9.34 

0.30 

W 

30.50 

0.00 

19.80 

0.45 

15.30 

0.00 

13.70 

1.18 

Means 

32.25 

0-18 

17-53 

0.27 

22.54 

0.06 

13.07 

0.55 

Optimum 

Values 

26.00 

0.00 

21.00 

0.00 

26.00 

0.00 

21.00 

0.00 

*  All  values  in  the  table  have  been  multiplied  by  100.  Each  table  entry 
is  the  mean  value  for  trials  95  through  100. 
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Table  IV  (cont’d) 


COMPARISON  OF  OBTAINED  AND  OPTIMUM  TF  PARAMETER 
VALUES  FOR  FQ1?  FQ2,  FQ,  AND  NQ 
FOR  TRIALS  95  THROUGH  100* 


PQ  -  X  Axis _ _ FQ  -  Y  Axis 


Subjects 

K 

P 

Deg/  cm 

tl 

Sec. 

T  +T 

N  I 

Sec. 

qi  .m 

~N  I 

Sec.2 

K 

P 

Deg/cm 

tl 

Sec. 

T  +T 

N  I 

Sec. 

T  »T 

N  I 

Sec.2 

B 

31.58 

23.05 

21.22 

0.51 

30.46 

24.36 

20.28 

0.75 

G 

26.94 

7.37 

3.56 

O.69 

22.54 

12.01 

7.04 

0.79 

H 

31.36 

6.82 

8.10 

0.64 

30.01 

8.55 

8.72 

0.77 

J 

37.20 

2.43 

0.00 

0.50 

14.35 

14.35 

6.70 

0.78 

K 

38.31 

12.97 

12.42 

0.46 

23.94 

31.46 

16.12 

0.58 

L 

54.13 

2.76 

0.00 

0.29 

40.77 

3.88 

0.00 

0.34 

M 

30.64 

11.06 

13.00 

0.52 

22.23 

22.16 

14.56 

0.64 

N 

30.78 

10.28 

9.98 

0.89 

29.04 

8.89 

7.08 

0.67 

R 

40.85 

1.53 

0.00 

0.48 

31.86 

2.96 

0.00 

0.57 

W 

31.33 

19.44 

17.54 

0.57 

21.37 

22.84 

13.46 

0.83 

Means 

35.31 

9.77 

8.58 

0.56 

27.34 

15.15 

9.40 

0.67 

Optimum 

Values 

24.00 

0.62 

1.50 

1.00 

24.00 

0.62 

1.50 

1.00 

NQ,  - 

X  Axis 

NQ,  - 

Y  Axis 

K 

P 

Deg/cm 

T 

L 

Sec. 

T  +T 

N  I 

Sec. 

T  °T 

N  I 

Sec.2 

K 

P 

Deg/cm 

tl 

Sec. 

T  +T 

N  I 

Sec. 

T  *T 

N  I 

Sec.2 

B 

25.43 

50.24 

0.00 

O.65 

14.07 

90.86 

0.00 

0.73 

G 

43.ll 

40.97 

0.00 

0.20 

22.60 

77-42 

0.00 

0.17 

H 

22.80 

54.09 

1.88 

0.81 

12.96 

100.57 

5.28 

0.82 

J 

20.95 

63.66 

0.00 

0.43 

14.77 

89.90 

0.00 

0.40 

K 

26.64 

48.97 

1.50 

0.75 

14.90 

92.90 

2.66 

0-93 

L 

51.59 

30.47 

0.00 

0.63 

31-02 

57.40 

0.00 

0.52 

M 

12.27 

102.13 

8.98 

1.05 

9.11 

123.86 

9.72 

1.15 

N 

31.30 

40.69 

0.00 

0.56 

21.59 

61.70 

0.00 

0.54 

R 

21.77 

58.44 

0.00 

0.44 

12.58 

IOI.92 

0.00 

0.49 

W 

12.21 

96.72 

1.56 

0.52 

8.66 

118.44 

3.06 

0.63 

Means 

26.81 

58.64 

1.39 

0.60 

15.23 

91.50 

2.07 

0.64 

Optimum 

Values 

11.00 

81.82 

5.00 

1.00 

11.00 

81.82 

5.00 

1.00 

*  All  values  in  the  table  have  been  multiplied  by  100.  Each  table  entry 
is  the  mean  value  for  trials  95  through  100. 

21 


response.  Bode  plots  for  each  simulated  man-machine  system  are  presented 
in  Appendix  VI  for  the  transfer  functions  given  in  table  IV.  These  plots 
show  that  the  subjects  adjusted  their  equalizing  parameters  to  achieve 
stable  loop  performance  (as  similarly  noted  in  the  adjustment  rules  formu¬ 
lated  by  McRuer,  et  al.,  refs  1,  13,  15,  and  16). 

From  table  IV,  a  set  of  adjustment  rules  describing  the  behavior  of 
the  average  subject  for  different  quickening  levels  can  be  stated  as 
follows  j 

1)  The  human  increases  his  gain  as  the  amount  of  quickening 
increases. 

2)  The  human  decreases  his  lead  as  the  amount  of  quickening 
increases. 

3)  The  human  increases  his  lag  as  the  amount  of  quickening 
increases. 

The  data  of  table  IV  are  summarized  in  figure  6. 

It  may  be  seen  that  these  adjustment  rules  are  consistent  with 
those  developed  earlier  in  references  1,  13,  15,  and  16.  In  both  cases, 
the  human  adjusts  his  equalizing  characteristics  to  achieve  stable 
control.  Furthermore,  a  lag  is  generated  as  required  to  achieve  good 
low-frequency  characteristics  accompanied  by  whatever  is  needed  to  retain 
high  frequency  stability.  In  the  HQ  case  a  predominately  lead  foim  of 
TF  is  assumed  whereas  a  predominantly  lag  form  is  observed  for  the  two 
FQ  conditions  which  is  as  would  be  predicted  by  the  earlier  adjustment 
rules  (refs  1,  13,  15,  and  16). 

The  above  rules  do  not  infer  how  the  subject  adjusts  his  transfer 
function  during  the  learning  period.  This  phenomenon  is  illustrated  in 
figures  7  through  10. 6  Based  on  these  curves  a  set  of  rules  governing 
the  transitional  effects  of  learning  on  the  TF  coefficients  can  he  inferred 
as  follows i 

1)  Given  full  quickening  or  partial  quickening  the 
subjects  increase  both  their  lag  and  gain  terms 
as  learning  progresses.  This  has  the  overall 
effect  of  placing  more  emphasis  on  low  frequency 
information  as  learning  progresses. 


6  No  curves  are  presented  for  the  values  of  the  lead  coefficients  for 
the  two  full  quickening  conditions,  since  the  lead  values  are  either  zero 
or  are  so  small  as  to  be  negligible.  In  each  graph,  two  curves  are 
illustrated  for  the  best  and  poorest  subject  of  the  group  as  determined 
by  error  scores  at  the  completion  of  training. 
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Lead 


NQ 


Kl  FQ^  FQg 

Quickening  Levels 


NQ  FQ  FQg 


Quickening  Levels 


KQ  PQ  PQ^  FQg 


Quickening  Levels 

Figure  6.  Comparison  of  TF  parameter  values  for  the 
different  quickening  levels,  for  the  X  Axis 
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Milliseconds 


The  IF  lead  coefficient  was  essentially  zero 
throughout  training  for  all  subjects  for  this 
full  quickening  condition. 


Figure  8.  TF  Changes  During  Learning  -  Full  Quickening2.  Data 

points  are  for  one  trial  only,  (a)  Gain  changes,  (b)  Lead 
changes,  (c)  Lag  changes 


Milliseconds  T  ~  Milliseconds  KL  •  10*  «*  .  Deg/em 


(a) 


Figure  10.  TF  Changes  During  Learning  -  No  Quickening.  Data  points 

are  for  one  trial  only,  (a)  Gain  Changes,  (h)  Lead  changes, 
(c)  Lag  changes 
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2)  For  partial  and  no  quickening  the  human  modifies 
his  lead,  during  the  learning  phase,  towards  the 
optimum.  For  full  quickening,  the  lead  is  initially 
zero  (the  optimum)  and  remains  at  zero, 

3)  During  the  learning  phase,  the  human  adjusts  his  lag 
towards  the  optimum  value  for  all  quickening  levels. 

Variation  of  TF  Coefficients  as  a  Function  of  Forcing  Function  Bandwidth 

Data  from  experiment  I  do  not  permit  an  investigation  of  adjustment 
rules  relating  the  behavior  of  TF  parameters  to  the  bandwidth  of  the 
forcing  function.  Such  an  investigation,  however,  was  accomplished  based 
upon  an  experiment  (ref  25)  in  which  the  forcing  function  was  an  aggregate 
of  sine  and  cosine  terms  arranged  to  represent  a  random  appearing  display 
to  the  subject  (Appendix  VII).  The  results,  as  shown  in  Appendix  VII, 
Indicated  that  for  the  three  quickening  conditions  the  gain  could  be 
described  very  nicely  by  the  second  order  differential  equation. 

—  +  Pi  —  +  p2K  =  c  (22) 

daj2  dai 

where  the  terms,  3X,  P2,  and  c  are  a  function  of  the  quickening  condition 
but  are  constant  for  a  given  quickening  and  where  cu  is  the  frequency  in 
radians/sec. 

The  values  found  for  3X  and  p2  which  best  fit  the  data  yields  a 
solution  for  K  that  is  either  exponentially  decreasing  or  damped  sinusoi¬ 
dally.  As  the  amount  of  quickening  increases  the  gain  becomes  less 
oscillatory  but  there  is  a  consistent  tendency  for  the  gain  to  decrease 
as  the  bandwidth  increases. 


28 


GENERAL  DISCUSSION  AND  CONCLUSIONS 

The  results  of  this  study  are  generally  well  correlated  with 
those  of  other  investigators.  In  particular,  the  transfer  function 
adjustment  rules  that  describe  the  operator's  adaptation  to  different 
quickening  levels  show  good  agreement  with  the  rules  developed  by 
other  investigators  in  the  context  of  aircraft  handling  qualities 
research  (refs  1,  13,  15,  and  16).  One  therefore  can  conclude  that 
the  human  employs  the  same  criteria  to  optimize  his  performance  for 
different  quickenings  as  he  does  for  different  aircraft  control 
systems.  Specifically,  he  initially  adapts  the  form  of  his  equaliz¬ 
ing  characteristics  to  achieve  stable  control,  good  low  frequency 
response,  and  high  frequency  system  stability.  After  initial  adapta¬ 
tion  of  equalizing  characteristic  form,  the  particular  value  of  each 
transfer  function  parameter  is  generally  adjusted  in  the  appropriate 
direction  for  realization  of  a  transfer  function  that  is  optimum  for 
minimizing  error.  The  present  research  thus  provides  additional 
support  for  the  conclusion  that  man’s  adaptive  behavior  during  a 
compensatory  tracking  task  is  very  similar  to  that  which  would  be 
prescribed  on  the  basis  of  linear  servotheory. 

System  error  and  display  error  yield  discrepant  orders  of  merit 
when  one  compares  a  display  quickened  system  to  an  unquickened  system. 
This  is  due  to  the  bias  between  system  input  and  system  output  that  is 
inherent  in  the  display  quickening  network.  (Such  a  bias  is  not 
necessarily  present  in  other  forms  of  quickening. )  System  error  is  a 
monotonic  increasing  function  of  quickening  level  due  to  the  presence 
of  this  bias.  As  a  consequence,  an  antibias  network  will  be  required 
in  most  of  the  practical  applications  of  display  quickening. 
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EXPERIMENT  II 


PURPOSE 

This  experiment  was  designed  to  investigate  the  effects  upon 
tracking  performance  of  varying  the  values  of  various  machine  gains  in 
the  control  loop.  It  may  be  noted  In  figure  11  that  there  are  three 
"machine"  gains  in  the  forward  loop,  viz.,  scope  gain,  Ks,  the  control 
stick  gain,  Kq,  and  the  mechanism  gain,  K^.  From  the  "adjustment  rules, " 
it  can  be  hypothesized  that  if  any  machine  gain  is  changed,  the  operator 
will  make  a  compensating  change  in  his  own  gain,  Kp,  to  keep  the  overall 
loop  gain  the  same.  It  can  also  be  seen  that  increasing  Ks  and  decreas¬ 
ing  %  by  equal  factors  will  increase  e~,  6„,  and  0  without  affecting 

ir  a  c 

Control  Mechanism 


Scope  Operator  Stick  I  “  “1 


Figure  11.  Block  Diagram  Illustrating  Location  of  the  Various 
Loop  Gains 


the  overall  system  gain,  i.e.,  the  gains  are  simply  redistributed.  Both 
of  these  types  of  changes  can  be  used  to  force  an  increase  in  the  amplitude 
of  stick  movement. 

It  was  of  particular  interest  to  determine  the  effects  on  performance 
accuracy  of  an  increase  in  @c  since  the  range  of  control  stick  movement 
was  observed  to  be  very  small  in  experiment  I,  For  example,  the  maximum 
control  stick  excursion  value  in  table  V  varied  from  a  minimum  of  .37° 
to  a  maximum  of  1.54°  whereas  the  maximum  available  stick  movement  range 
is  20°.  Further,  the  mean  range  of  control  stick  excursion  from  center 
was  a  function  of  the  quickening  level  and  varied  in  experiment  I  from 
approproximately  ,4°  for  FQ  to  1,4°  for  NQ,.  The  observed  differences 
in  stick  movement  range  between  quickening  levels  are  to  be  expected 
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since  less  stick  movement  is  required  for  the  quickened  conditions 
due  to  the  additional  gain(s)  in  the  feedback  loop(s). 

There  are  several  reasons  for  predicting  that  longer  stick  move¬ 
ments  would  facilitate  performance.  It  has  been  known  for  some  time 
that  positioning  errors  are  greater  for  short  movements  than  for  long 
movements  (ref  14) .  It  is  also  known  that  man's  ability  to  discriminate 
force  differences  varies  with  the  magnitude  of  the  force  output  required 
and  that  such  discrimination  seriously  deteriorates  below  5  lbs.  (ref  14). 


Table . V 
EXPERIMENT  I 

MEAN  CONTROL  STICK  EXCURSION  RANGE  FROM  CENTER 
(Peak-to- Peak/2,  in  Degrees) 


Subjects 

5* 

PQ 

X 

N^ 

K 

•  37° 

.54° 

.98' 

L 

.44° 

.58° 

1.49' 

N 

.42° 

.47° 

1.54' 

R 

.44° 

.70° 

1.51' 

Means 

.42° 

.57° 

1.38' 

This  is  of  particular  importance  since,  with  a  stick  force/displacement 
of  .60  lbs.  per  degree  (fig  12)  and  a  stick  breakout  force  of 
approximately  .3  lbs.,  the  average  FQ,  stick  movement  of  .4  degrees  required 
a  total  of  about  .55  lbs.  of  force  whereas  the  average  NQ  stick  move¬ 
ment  required  a  total  of  around  1.1  lbs.  of  force. 

Another  factor  influencing  the  prediction  of  better  performance 
with  longer  stick  movement  is  the  fact  the  breakout  force  itself  may 
adversely  affect  performance  when  the  range  of  stick  movement  is  small. 

A  nonlinearity  of  the  stick  displacement  force  curve  is  introduced  by 
the  stick  bungee  breakout  force  as  is  shown  in  figure  12.  This  non¬ 
linearity  consists  of  the  force  feel  deadband  at  the  origin  in  which  forces 
less  than  .3  lbs.  are  ineffective.  Now,  a  certain  amount  of  breakout  force 
is  desirable  in  many  tracking  situations.  For  example,  in  the  case  of 
military  aircraft,  a  minimum  of  .5  lbs.  breakout  force  is  required  with 
the  maximum  specified  as  not  to  exceed  3  lbs.  (ref  7).  A  small  breakout 
force  results  in  reduced  control  sensitivity  to  small,  inadvertent  opera¬ 
tor  movements.  In  an  aircraft  control  situation,  the  nonlinearity 
introduced  by  the  breakout  force  is  of  little  significance  due  to  the 
relatively  large  excursion  range  of  stick  movements.  In  experiment  I, 
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however,  the  effect  of  this  nonlinearity  was  probably  greater  since  the 
breakout  force  varied  from  roughly  33 %  to  50 %  of  the  total  average 
force  exerted.  The  appearance  of  dithering  behavior  on  the  part  of 
some  (but  not  all)  subjects  provides  further  indirect  support  of  the 
view  that  the  breakout  force  played  a  significant  role  in  shaping  the 
man’s  performance,  (it  seems  reasonable  to  assume  that  dithering 
was  found  by  some  subjects  to  be  beneficial  because  it  provided  a 
technique  for  avoiding  the  inertia  effect  of  the  deadzone.) 

Increase  in  stick  movement  amplitude  should  decrease  the  relative 
effect  of  the  nonlinearity  in  the  stick  force-displacement  curve.  This, 
in  turn,  could  result  in  changes  in  compensation  (lead- lag)  adopted  by 
the  operator.  Such  changes,  if  any,  would  be  in  a  direction  such  as  to 
make  the  adaptation  closer  to  the  optimum  transfer  function  and  the 
magnitude  of  change  would  depend  on  the  extent  of  stick  movement  change. 

The  above  consideration  provides  the  basis  for  the  following  four 
hypotheses  explicitly  tested  in  this  experiments 

1.  Forcing  an  increase  in  stick  movement  amplitude  will 
result  in  a  lower  error  score. 

2.  Redistribution  of  machine  gains  with  no  overall  change 
will  not  change  the  operator's  gain. 

3.  Any  change  in  the  gain(s)  of  machine  component(s),  will 
result  in  exactly  compensatory  operator  gain  change. 

4.  Increase  in  stick  movement  range  should  result  in  operator 
TF’s  which  are  closer  to  the  optimum  transfer  function. 

EXPERIMENTAL  PROCEDURE 

The  method  chosen  for  forcing  the  subjects  to  execute  longer  stick 
movements  was  to  decrease  the  mechanism  gain,  and/or  increase  the 
scope  gain,  Ks.  The  ten  subjects  were  divided  into  groups  (A  and  B)  that 
were  matched  on  the  basis  of  the  mean  system  error  ratio  scores  (E  )  for 
the  last  ten  NQ  trials  of  experiment  I  as  shown  in  table  VI.  Notea  in 
table  VII  are  the  mechanism,  control  stick,  and  scope  gain  Values  used  in 
this  experiment  and  those  used  in  experiment  I.  Note  that  the  product 
of  the  machine  gains,  viz.,  Kg  •  Kc  •  1^,  is  lower  by  a  factor  of  five 
for  experiment  II  than  for  experiment  I  for  both  groups.  Furthermore, 
the  machine  gain  product  is  identical  for  both  groups  of  experiment  II. 

The  subjects  in  each  group  of  experiment  II  were  given  100  NQ,  trials 
for  each  of  the  mechanism  and  scope  gain  combinations  of  this  experiment 
(see  table  VII).  The  same  general  experimental  procedure- used  in 
experiment  I  was  followed. 
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Table  VI 


MEAN  SYSTEM  ERROR  SCORES  FOR  MQ,  TRIALS 
90  THROUGH  100  of  EXPERIMENT  I 


Group  A  Group  B 


Subject 

Eg  (x+y) 

Subject 

Eg  (x+y) 

G 

.1052 

L 

.0441 

N 

.1096 

R 

.1273 

K 

.2066 

J 

.2009 

M 

.2893 

B 

.2172 

H 

.2377 

W 

.3609 

Means 

.1897 

Means 

.1901 

Table  VII 

SCOPE, 

,  STICK,  AND  MECHANISM  GAINS 

Experiment 

Group (s) 

Kg  cm/v 

Kc/deg 

Km  v/v 

Product  cm/deg 

I 

A  and  B 

1 

5 

5 

25 

II 

A 

1 

5 

1 

5 

II 

B 

2 

5 

.5 

5 

RESULTS  AND  DETAILED  DISCUSSION 

Table  VIII  presents  a  comparison  of  the  mean  control  stick  excursion 
ranges  for  experiments  I  and  II.  Both  groups  Of  experiment  II  show  a 
marked  Increase  in  stick  movement  amplitude  over  that  of  experiment  I, 
indicating  that  lowering  of  the  total  machine  gain  effectively  forced 
larger  stick  movements.  The  movement  range  for  group  A  may  be  seen  to 
be  approximately  half  that  for  group  B.  This  result  would  be  predicted 
from  the  increase  of  the  scope  gain  by  a  factor  of  two,  given  that  the 
operator's  gain  remains  the  same. 

The  mean  Es  for  the  two  groups  for  the  last  five  trials  is  presented 
in  table  IX  along  with  the  corresponding  error  scores  for  experiment  I. 
For  each  group  the  mean  Es  is  significantly  lower  than  that  for 
experiment  I.  This  produces  support  for  hypothesis  number  1  above  (that 
forcing  an  increase  on  stick  movement  amplitude  will  result  in  less 
error).  The  difference  between  the  means  for  the  two  groups  for  the 
present  experiment  is  not  significant. 
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Table  VIII 


MEAN  CONTROL  STICK 
EXCURSION  RANGE  FROM  CENTER 
(Peak-to-Peak/2  in  Degrees) 


Experiment  I 

Experiment  II 

Group  A 

1.26° 

4.45° 

Group  B 

1.50° 

8.98° 

Table  IX 

COMPARISON  OF  E 

s 

(x+y)  FOR  THE 

THREE  EXPERIMENTAL  CONDITIONS 

Group  A 

Group  B 

Subject 

Exp.  I  Exp.  II 

Subject 

Exp.  I 

Exp. .  II 

G 

.1052  .0763 

L 

.0441 

.0315 

N 

.1096  .0771 

R 

.1273 

.0713 

K 

.2066  .0769 

J 

.2009 

.0853 

M 

.2893  .1621 

B 

.2172 

.1300 

H 

.2377  -1214 

W 

.3609 

.1773 

Means 

.1897  .1028 

Means 

.1901 

.0991 

Comparison 

I  >  II  All  >  BII 

I  >  II 

T  Value* 

0 

7 

0 

P<  .031 

P  =  1.0 

P<  .031 

*  Wilcoxon  Matched  Replicates  Test 
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Table  X  'presents  the  mean  values  of  Es,  Kp,  TL,  Tjj  +  Tj,  and 
%  *  ^1  ^or  five  trials  for  each  subject  in  the  two  groups. 

Comparisons  of  the  mean  values  of  the  TF  parameters  for  each  group 
indicate  that  there  is  no  significant  difference  between  groups  for 
any  parameter.  The  lack  of  difference  in  operator  gains  for  the  Pro 
groups  of  this  experiment  supports  hypothesis  number  £  above  (that 
redistribution  of  machine  gains  with  no  overall  changes  will  not  change 
the  operator’s  gain). 

Comparisons  of  the  mean  values  of  the  operator's  gains  for 
experiments  I  and  II  (see  tables  IV  and  X)  shows  that  the  gains  for 
groups  A  and  B  of  this  experiment  are  significantly  higher  than  those 
of  experiment  I  by  factors  of  approximately  4  and  5,  respectively. 

This  finding  supports  hypothesis  number  3  above  (that  any  change  in  the 
gain(s)  of  machine  component (s),  will  result  in  compensatory  operator 
gain  change). 

In  order  to  evaluate  hypothesis  number  4,  consideration  of  the 
integrated  effect  of  these  various  TF  parameters  is  required.  Such 
consideration  was  accomplished  by  comparison  of  the  experiment  I  and 
experiment  II  Bode  plots.  Further*  Bode  plots  for  groups  A  and  B  were 
compared  to  the  Bode  plot  for  the  optimum  transfer  function  In  order 
to  ascertain  whether  or  not  any  changes  were  in  correspondence  with  the 
prediction  of  more  optimal  performance  for  the  experiment  II  conditions 
A  summary  of  such  comparisons  Is  as  follows; 

1)  There  is  no  significant  difference  in  the  phase 
and  gain  margins  for  group  A  between  experiments 
I  and  II,  A  comparison  of  group  A  with  the 
cptimum  shows  that  the  phase  and  gain  margins 
are  below  optimum, 

2)  .For  group  B,  the  phase  and  gain  margins  are 
significantly  higher  for  experiment  II  than 
they  were  for  experiment  I.  The  gain  margins 
increase  by  about  a  factor  of. 4  and  the  phase 
margins  increase  by  a  factor  of  1.5*  Group  B 
exhibits  phase  margins  near  optimal  but  gain 
margins  of  about  three  times  the  optimal  value 
for  experiment  II. 

These  comparisons  do  not  provide  support  for  hypothesis  4,  It  is 
noted,  however,  that  a  comparison  based  upon  gain  and  phase  margins  is 
not  strictly  sufficient  to  encompass  all  of  the  important  aspects  of 
system  behavior. 
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None  of  these  obtained  T  values  for  the  Wilcoxon  liatched  Replicates  Test  is  significant. 


GENERAL  DISCUSSION  AND  CONCLUSIONS 

Lowering  the  gain(s)  of  machine  component (s)  of  the  tracking 
network,  results  in  a  compensatory  change  in  the  operator's  gain,  a 
larger  range  of  stick  movements,  and  a  lower  system  error  score; 
it  does  not,  however  effect  the  man's  ability  to  adopt  a  more 
optimum  transfer  function.  Redistribution  of  gains  from  one  machine 
component  to  another,  with  no  overall  change,  has  no  effect  on  any  of 
the  following:  the  operator's  gain,  his  error  performance,  or  his 
ability  to  optimize  his  transfer  function;  the  redistribution  does, 
however,  result  in  an  appropriate  change  in  the  control  stick  movement 
range. 


It  is  concluded  that  man  can  quite  accurately  adjust  his  gain  to 
compensate  for  changes  in  machine  gain.  It  is  also  concluded  that 
increase  in  stick  movement  range  from  a  very  small  value  to  a  moderately 
larger  value  improves  system  error  performance  but  any  additional 
increase  in  movement  range  has  no  further  effect  on  system  accuracy. 
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SECTION  .IV 
EXPERIMENT  III 


PURPOSE 

This  section  presents  a  study  designed  to  investigate,  in  a 
preliminary  •way,  the  degree  of  similarity  between  the  operator's  transfer 
functions  for  single  and  dual  axis  tasks  for  different  quickening 
conditions.  The  transfer  function,  by  definition,  treats  a  system  in 
■which  input  and  output  are  each  defined  along  one  dimension.  The  values 
on  this  dimension  are  amplitude  variations  with  time.  A  question  thus 
arises  in  regard  to  the  operator's  transfer  function  determined  in  a  two- 
dimensional  task,  viz.,  "Is  a  one- dimensional  transfer  function  derived 
within  a  two-dimensional  display- control  task  the  same  as  the  function 
that  would  have  been  derived  within  a  pure  one- dimensional  task?"  The 
answer  to  this  question  must  be  known  in  order  to  permit  a  general 
interpretation  of  the  results  of  studies  involving  two-dimensional 
tracking  tasks  —  especially  as  they  relate  to  the  one- dimensional  trans¬ 
fer  function  research  with  which  the  literature  now  abounds. 

In  order  to  investigate  properly  the  question  raised  above,  one  must 
be  able  to  isolate  those  factors  (if  any)  which  induce  a  negative  answer 
to  the  question.  The  prime  control  test,  of  course,  is  to  obtain  and 
directly  compare  human  transfer  functions  for  both  single  and  dual  axis 
performance.  Let  us  suppose,  however,  that  the  results  of  such  a  com¬ 
parison  should  indicate  that  the  single  and.  dual  axis  transfer  functions 
differ  from  one  another.  There  are  two  possible  factors  which  could 
account  for  a  difference  in  performance.  First,  just  the  movement  of 
the  error  signal  in  one  axis  may  constitute  a  form  of  visual  "noise"  that 
influences  performance  in  controlling  the  other  axis.  A  control  condition, 
in  this  instance,  would  consist  of  a  one- dimensional  control,  two- 
dimensional  display  task.  In  such  a  task,  the  operator  would  control  the 
displayed  error  signal  in  one  axis  while  error  signal  movement  would  be 
displayed  but  not  c  o  ntrolled  by  him  in  the  second  axis .  This  will  be 
referred  to  as  the  "noise"  control  condition.  The  transfer  function  for 
such  a  task  can  then  be  compared  to  those  for  the  conventional  single  and 
dual  axis  tasks,  thus,  permitting  one  to  isolate  the  possibly  different 
effects  of  the  number  of  axes  being  controlled  (task  load)  and  visual 
noise. 

A  second  factor  relevant  to  a  single  vs.  dual  axis  comparison  is 
the  degree  of  symmetry  of  the  quickening  levels  for  the  two  axes  during 
dual  coordinate  tracking.  Conceivably,  the  transfer  functions  for  the 
single  and  dual  axis  cases  may  be  similar  when  the  dual  task  entails 
symmetric  quickening  in  the  two  axes  and  dissimilar  when  the  dual  task 
presents  a  symmetric  quickening  in  the  two  axes.  One  can  consider  the 
degree  of  symmetry  of  the  quickenings  for  the  two  axes  during  a  dual 
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tracking  task  as  constituting  a  task  complexity  dimension.  The  require¬ 
ment  to  adopt  different  transfer  functions  for  the  two  axes  has  been 
shown  to  adversely  effect  performance  (ref  3)»  Thus,  the  investigation 
of  various  combinations  of  display  axis  quickening  is  required'  for  a 
true  understanding  of  quickening  influences  in  a  two-axis  or  two- 
dimensional  tracking  system. 

EXPERIMENTAL  PROCEDURE 

Subjects  were  given  tasks  falling  into  three  basic  categories; 

(1)  single  coordinate  control  with  second  coordinate  completely  absent; 

(2)  single  coordinate  control  with  second  coordinate  displayed  but  not 
controlled  by  the  subject;  and  (3)  dual  coordinate  control.  Three 
quickening  conditions  were  investigated;  FQx,  PQ,  and  NQ.  For  task 
category  (l)  there  were  six  different  single  axis  conditions;  FX;-,7 
PX;-,  NX;-,  ~;FY,  -;PY,  and  -;NY.  For  task  categories  (2)  and  (3) 

there  were  nine  possible  combinations  of  quickening  for  the  two  coordinates 
X  and  Y;  FX;FY, 8  PX;PY,  NX;RY,  FX;NY,  FX;PY,  PX;NY,  NX;FY,  PX;FY,  and 
NX;PY.  The  particular  combinations  of  conditions  studied  in  this 
experiment  are  presented  in  figure  13. 

The  experiment  was  conducted  in  three  phases,  each  phase  being 
devoted  to  a  particular  task  category.  Four  subjects  (K,  L,  N,  and  R) 
participated  in  all  three  phases  of  the  experiment.  The  same  general 
experimental  procedure  used  in  experiment  I  ms  followed. 

Phase  I;  Single  Coordinate  Control  -  Second  Coordinate  Absent 

During  this  phase  each  subject  completed  a  total  of  six  sessions  of 
approximately  $ 0  minutes  duration  each.  Subjects  were  first  given  20 
training  trials  on  each  of  the  following  six  conditions;  FX;-,  PX;-, 

NX;-,  -;FY,  -;FY,  and  -;NY.  They  were  subsequently  given  an  additional 
ten  trials  for  each  of  the  six  conditions.  The  mean  scores  for  the  last 
block  of  five  trials  were  used  as  the  test  data.  The  order  of  presenta¬ 
tion  of  the  quickening  levels  and  axes  ms  counterbalanced  over  the 
four  subjects. 

Phase  II;  Single  Coordinate  Control  with  Second  Coordinate  Displayed 
But  Not  Controlled 

During  this  phase  each  subject  completed  a  total  of  ten  sessions  of 
approximately  SO  minutes  duration  each.  Subjects  were  given  30  trials 
for  each  of  the  following  combinations  of  quickening  levels  and  axes; 


7  FX;-  signifies  full  quickening  in  the  lateral  (X)  axis  and  no  longitudi¬ 
nal  (Y)  axis  displayed  or  control  task. 

8  FXiFY  signifies  full  quickening  In  both  lateral  (X)  axis  and  longitudi¬ 
nal  (Y)  axis. 
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FXD:FY,  NXD:FY,  PXD:PY,  FXD:NY,  NXD:NY,  FXiFYD,  FXsUYD,  PX:PYD,  NX;FYD,  and 
NX:NYD.  (The  designation  D  signifies  that  error  in  the  dimension  is 
displayed  but  is  not  controllable  by  the  operator.)  The  axis  not 
controlled  by  the  operator  was  stabilized  by  the  Manalog  circuit  -which 
was  instrumented  to  have  the  specific  transfer  function  adopted  by  the 
particular  operator  in  experiment  I  for  the  particular  quickening  level 
being  studied.  The  mean  scores  for  the  last  block  of  five  trials  were 
used  as  the  test  data.  The  order  of  presentation  of  the  ten  experimental 
treatments  was  counterbalanced  over  the  four  subjects. 

Phase  III*  Dual  Coordinate  Control 

During  this  phase,  each  subject  completed  a  total  of  eight  sessions 
of  approximately  90  minutes  duration  each.  Ten  training  trials  were 
given  for  each  of  the  three  symmetric  quickening  conditions:  FX;FY, 

PX:PY,  and  NX: NY  and  twenty  training  trials  were  given  for  each  of  the 
nonsymmetric  quickening  conditions:  FX:FY,  FX:NY,  PX:NY,  PX:FY,  NX;FY, 
and  NXrPY.  The  subjects  were  subsequently  given  an  additional  ten 
trials  for  each  of  the  nine  conditions.  The  mean  scores  for  the  last 
block  of  five  trials  were  used  as  the  test  data.  The  order  of  presenta¬ 
tion  of  the  nine  experimental  treatments  was  counterbalanced  over  subjects. 

RESULTS  AND  DETAILED  DISCUSSION 

The  results  of  the  single  versus  dual  axis  comparisons  of  this 
experiment  are  summarized  in  tables  XI  through  XVIII.  Tables  XI  through 
XIV  treat  single  versus  dual  axis  comparisons  for  symmetric  quickening 
and  tables  XV  through  XVII  treat  single  versus  dual  axis  comparison  for 
nonsymmetric  quickening.  It  is  noted  that  in  each  of  these  tables,  co¬ 
efficients  for  the  X  axis  are  presented  on  the  left  and  coefficients 
for  the  Y  axis  on  the  right.  In  all  cases,  single  versus  dual  axis  com¬ 
parisons  were  evaluated  statistically  for  each  of  these  sets  of  coefficients 

It  was  originally  planned  that  coefficients  would  be  collapsed  over 
"axes”  in  order  to  offset  the  sensitivity  loss  expected  on  the  basis  of 
an  N  =  4.  However,  inspection  of  tables  XI  through  XVIII  contra¬ 
indicated  such  a  procedure  due  to  the  frequency  of  reversal  of  relation¬ 
ship  over  "axes.”  In  consequence,  the  following  procedure  was  used.  An 
overall  evaluation  of  the  differences  between  the  mean  values  of  the  IF 
coefficients  for  the  three  different  conditions  for  each  quickening  level 
(within  an  "axis")  was  made  by  use  of  the  Friedman  x§  test.  It  was 
decided  that  only  those  relationships  adjudged  significant  for  both 
of  the  axes  would  be  treated  as  sufficiently  stable  to  merit  confidence. 

This  decision  was  based  upon  the  fact  that  there  seemed  to  be  no  reason 
to  predict  differential  relationships  over  "axes"  and  upon  consideration 
of  the  low  power  associated  with  N  =  4. 
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Ft  Full  Quickening  (FQ)  N:  Ho  Quickening  (MQ)  X:  Lateral  Axis 

Ps  Partial  Quickening  (PQ)  D:  Displayed  But  Not  Controlled  Y:  Longitudinal  Axis 
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Full  Quickening  (FQ)  Ns  No  Quickening  (NQ)  X:  Lateral  Axis  . 

Partial  Quickening  (PQ)  D:  Displayed  But  Not  Controlled  Y:  Longitudinal  Axis 
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F:  Full  Quickening  (FQ)  Hi  No  Quickening  (NQ)  X:  Lateral  Axis 

Pi  Partial  Quickening  (FQ)  D*  Displayed  But  Not  Controlled  Y:  Longitudinal  Axis. 
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p:  Pull  quickening  (Fq)  D:  Displayed  But  Hot  Controlled  X:  Lateral  Axis 

N:  No  quickening  (NQ)  Y:  Longitudinal  Axis 


Based  upon  the  above  rationale,  no  specific  difference  among  the 
three  experimental  conditions  was  considered  sufficiently  stable  to 
merit  confidence.  It  is  explicitly  recognized  that  this  interpretation 
is  conservative.  Nevertheless,  in  spite  of  certain  suggestive  aspects 
of  the  data,  it  is  held  that  a  more  discriminating  statement  must  await 
further  data.  The  expectation  is  good  that  such  data  may  reveal  stable 
differences  since  11  out  of  40  of  the  xf  statistics  reported  in  tables 
XI  through  XVIII  were  significant  at  the  .05  level;  the  chance  proba¬ 
bility  of  this  occurring  is  less  than  .001. 9 

Tables  XIX  through  XXII  present  a  comparison  of  error  scores  for  the 
single  versus  dual  axis  comparisons.  Only  one  of  the  eighteen  xp's  in 
those  tables  was  significant  at  the  .05  level.  Again,  however,  the 
results  are  suggestive,  see,  e.g.,  table  XXII,  wherein  the  value  of  xf 
has  an  associated  probability  of  .069  for  each  "axis”  under  the  NQ  non- 
symmetric  conditions.  This  finding  suggests  the  possibility  of  a  quicken¬ 
ing  level-asymmetry  interaction. 

Tables  XXIII  and  XXIV  present  a  comparison  of  error  scores  for  the 
various  dual  axis  conditions.  Table  XXV  presents  the  rank  order  of  the 
mean  error  scores  for  the  different  dual  axis  conditions  (the  lower 
the  rank,  the  lower  the  error  score).  For  both  axes  and  for  both  error 
scores  the  same  rank  order  relationships  emerge.  The  best  scores  are 
located  on  the  diagonal  of  the  matrix  whieh  represents  the  symmetric 
quickening  combinations.  Conversely,  the  results  generally  show  that 
the  more  dissimilar  the  quickening  conditions,  the  greater  the  error  in 
performance.  (There  is  only  one  exception  to  this  finding  in  all  four 
matrices  of  table  XXV,  viz.,  the  X  axis  system  error  for  FX:PY  was 
greater  than  that  for  FX:NI. ) 

This  experiment  was  designed  to  answer  the  questions:  "Is  a  one¬ 
dimensional  transfer  function  derived  within  a  two-dimensional  display- 
control  task  the  same  as  the  function  that  would  have  been  derived  within 
a  pure  one-dimensional  task?"  The  results  reported  herein  indicate  that 
the  answer  to  this  question  is  "No."  Unfortunately,  the  specific  nature 
of  the  dual  axis  tasks  were  not  revealed  due  to  the  low  sensitivity  of 
this  study.  It  is  fully  expected  that  further  research  will  result  in  a 
clarification  of  the  specific  nature  of  such  differences. 

The  effects  of  nonsymmetrie  quickening  were  clearly  shown.  These 
results  are  consistent  with  those  of  reference  3,  whose  authors  postulated 
that  the  more  dissimilar  the  transfer  functions  required  in  the  two  axes. 


9  Based  upon  the  procedure  provided  by  Sakoda,  Cohen,  and  Beall  (ref  22). 
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SINGLE  VERSUS  DUAL  AXIS  COMPARISON  OF  SYSTEM  ERROR  SCORES 
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Pull  Quickening  (PQ)  N:  No  Quickening  (HQ)  X:  Lateral  Axis 

Partial  Quickening  (PQ)  D;  Displayed  But  Not  Controlled  Y:  Longitudinal  Axis 
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COMPARISON  OF  E0  FOR  THE  DIFFERENT  DUAL  AXIS  CONDITIONS 
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Full  Quickening  (FQ)  :  Nj  No  Quickening  (NQ)  X:  Lateral  Axis 

Partial  Quickening  (PQ)  Longitudinal  Axis 


COMPARISON  OF  E_  FOR  THE  DIFFERENT  DUAL  AXIS  CONDITIONS 
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Table  XXV 


RAM  ORDER  OF  MEAN  ERROR  SCORES  FOR  THE 
DIFFERENT  DUAL  AXIS  CONDITIONS* 


xEs 
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FX 
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2 
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2** 

3** 

PX 

2** 

1** 

3** 

PY 

2 

1 

3 

NX 

3 

2 

1 

NY 

3 

2 

1 

*  Each  cell  entry  in  a  matrix  represents  the  rank  order 
of  the  error  score  for  the  specified  axis  for  the 
particular  quickening  combination  indicated  by  the  matrix 
marginal  entries.  The  lowest  rank  represents  the  lowest 
error  score.  The  Friedman  two-way  analysis  of  variance 
was  used  to  test  for  differences  between  scores  in  any 
one  row. 

**  The  ranks  in  this  row  differ  from  each  other  at 
p  <  .042  (j§  =  6.5). 
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the  greater  the  performance  deterioration.  According  to  Chernikoff, 
Duey,  and  Taylor  (ref  3)>  the  greater  the  difference  between  control 
in  the  two  coordinates,  the  less  the  information  handling  capacity 
or  human  bandwidth  which  remains  for  the  performance  of  either  task. 
Bandwidth  may  be  said  to  be  consumed  by  the  act  of  shifting  from  one 
transfer  function  to  another.  As  more  of  the  human's  capacity  is 
thus  dissipated  with  increasing  dissimilarity  between  tasks,  the 
accuracy  of  performance  drops  in  both  axes. 

GENERAL  DISCUSSION  AND  CONCLUSIONS 

The  human's  transfer  function  probably  differs  for  single  and 
dual  axis  tracking  conditions  and  it  appears  quite  likely  that 
larger  differences  will  be  found  as  the  transfer  functions  required 
for  the  two  axes  of  the  dual  task  become  more  dissimilar.  The  extent 
of  asymmetry  of  the  quickening  levels  of  the  two  coordinates  of  a  dual 
axis  tracking  task  effects  both  system  and  display  error  in  a  similar 
manner.  Error  is  least  when  the  quickening  level  used  in  the  second 
axis  is  identical  to  that  of  the  axis  of  primary  interest;  error 
increases  as  the  similarity  of  the  quickening  levels  decreases  for  the. 
two  axes.  It  is  concluded  that  the  greater  the  dissimilarity  of  the 
transfer  functions  required  for  the  two  axes  of  a  two-dimensional 
tracking  task,  the  greater  the  error. 
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SECTION  V 


SUMMARY 


This  research  was  concerned  with  the  human's  behavior  in  adapting 
his  response  mode  to  variations  of  certain  conditions  of  a  compensatory 
tracking  task.  Each  of  the  following  task  conditions  were  evaluated 
in  a  separate  experiment:  quickening  level,  system  gain,  and  task 
load.  Adaptive  behavior  in  response  to  the  experimental  treatments  was 
assessed  by  evaluation  of  changes  in  the  human's  transfer  function  (TF) 
and  error  scores.  Values  of  various  human  transfer  function  parameters 
served  as  indicants  of  the  subject’s  response  mode. 

In  each  of  the  three  reported  studies,  the  tracking  task  required 
centering  of  an  error  signal  on  an  oscilloscope  display  by  use  of  an 
aircraft-type  control  stick.  The  forcing  function  consisted  of  a 
randomly  generated  signal  with  a  one  radian  per  second  cutoff.  The 
human's  transfer  function  was  measured  on  an  analog  computer  by  an 
implicit  synthesis  technique  and  was  of  the  following  assumed  form; 


KP  u  +  y ) 

(l  +  Tjs)(l  +  Tjjs) 


The  analog  computer  was  also  used  to  compute  system  error  and  display 
error  scores. 

EXPERIMENT  I 

This  experiment  was  designed  to  investigate  the  influence  of  various 
display  quickenings  on  system  accuracy  and  to  provide  transfer  function 
adjustment  rules  similar  to  those  offered  by  previous  investigators  in 
the  area  of  aircraft  handling  qualities.  Four  levels  of  quickening  were 
investigated. 

Certain  fundamental  relationships  were  observed  between  quickening 
level,  the  various  transfer  function  parameters,  and  the  degree  to  which 
the  parameters  approached  the  optimum  value  for  error  minimization.  For 
the  two  full  quickenings  the  operator  selected  the  optimal  TF  form,  a 
gain  plus  a  pure  lag  form  (i.e.,  having  zero  lead).  For  the  partial 
quickening  and  no  quickening  conditions,  the  operator  assumed  the  optimal 
TF  form  having  a  gain,  a  lead,  and  two  lag  terms.  With  practice  the 
operator  usually  modified  his  TF  so  as  to  approach  the  "optimum  TF," 

The  following  quickening  adjustment  rules  are  offered  in  summary. 
First,  for  all  conditions  studied  the  human,  in  general,  selects  the 
correct  TF  form  and  adjusts  his  parameters  toward  the  optimum  required 
for  a  minimal  mean  squared  tracking  error.  Second,  the  adaptive  pattern 
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for  no  quickening  during  the  learning  phase  indicates  that  the  human 
first  adapts  the  form  of  his  transfer  function  to  achieve  good  tracking 
of  low  frequencies  and  then  adapts  to  achieve  good  tracking  of  the  high 
frequencies  while  still  maintaining  good  low  frequency  tracking.  (For 
full  and  partial  quickening,  the  human  continues  to  emphasize  the  low 
frequencies  during  the  learning  period. )  Lastly,  the  relationship 
of  the  operator’s  gain  to  input  signal  ‘bandwidth  has  the  form  best  des¬ 
cribed  by  a  second  order  linear  differential  equation. 

The  quickening  adjustment  rules  stated  above  show  good  agreement 
with  the  rules  developed  by  other  investigators  in  the  context  of 
aircraft  handling  qualities  research.  It  was  concluded  that  the  human 
employs  the  same  criteria  to  optimize  his  performance  for  different 
quickenings  as  he  does  for  different  aircraft  control  systems.  It 
was  also  concluded  that  man  adapts  his  transfer  function  during  a 
compensatory  tracking  task  in  a  manner  very  similar  to  that  which  a 
servo  engineer  would  employ  if  he  were  to  design  a  hardware  replacement 
for  the  man. 

The  two  types  of  error  scores,  system  error  and  display  error, 
gave  directly  contradictory  order  of  merit  for  the  full,  partial, 
and  no  quickening  conditions.  The  results  of  this  study  show  that 
the  more  quickening,  the  greater  the  system  error.  This  was  undoubtedly 
due  to  the  absence  of  an  antibias  network  for  the  quickened  conditions; 
such  a  network  will  be  required  in  most  of  the  practical  applications 
of  display  quickening. 

i 

EXPERIMENT  II 

This  experiment  was  designed  to  investigate  the  effects  upon 
tracking  performance  of  varying  the  values  of  various  machine  gains  in 
the  control  loop. 

The  operator  was  observed  to  respond  in  a  generally  predictable 
manner  to  either  lowering  of  machine  gain  or  redistribution  of  gain 
from  one  machine  carponent  to  another.  Lowering  of  machine  gain 
resulted  in  an  accurate  compensatory  change  in  the  operator's  gain,  a 
concomitant  Increase  in  stick  movement  range  of  appropriate  magnitude, 
and  an  improved  error  score.  Redistribution  of  gain  from  one  machine 
component  to  another  with  no  overall  change  effected  neither  the  operator’s 
gain  nor  his  error  score;  the  redistribution  did,  however,  result  in  an 
appropriate  change  in  the  stick  movement  range.  Bode  plot  analysis 
indicated  that  neither  lowering  nor  redistribution  of  machine  gain  result¬ 
ed  in  a  more  optimal  transfer  function. 

It  was  concluded  that  an  increase  in  control  stick  movement  range 
from  a  very  small  value  to  a  moderately  larger  value  improves  system 
error  performance,  but  that  any  additional  increase  in  movement  range 
has  no  further  effect  on  system  accuracy. 
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EXPERIMENT  III 


This  experiment  was  designed  to  investigate,  in  a  preliminary  way, 
the  degree  of  similarity  between  the  operator's  transfer  functions 
for  single  and  dual  axis  tracking  tasks  for  different  quickening 
conditions . 

In  11  out  of  40  comparisons  of  transfer  function  coefficients, 
significant  differences  were  found  between  the  single  and  dual  tasks. 

It  was  concluded  that  a  one-dimensional  TF  derived  within  a  conven¬ 
tional  two-dimensional  display- control  task  is  probably  not  the  same 
as  the  TF  derived  under  pure  one -dimensional  control.  An  appreciation 
of  the  specific  nature  of  the  differences  between  TF's  for  the  two 
conditions  could  not  be  attained  due  to  the  small  N  (4  subjects) 
that  was  used.  Both  system  and  display  error  scores  were  influenced 
similarly  by  the  extent  of  asymmetry  of  quickening  in  the  two  coordinates 
of  a  dual  tracking  task.  Error  was  least  when  the  quickening  level 
used  in  the  second  axis  was  identical  to  that  of  the  axis  of  primary 
interest;  error  increased  as  the  quickening  levels  for  the  two  axes 
became  more  dissimilar. 

It  was  concluded  that  the  greater  the  dissimilarity  of  the 
transfer  functions  required  for  the  two  axes  of  a  two-dimensional  track¬ 
ing  task  the  greater  the  error, 

A  need  for  future  research  comparing  transfer  functions  for  single 
and  dual  axis  tasks  based  on  a  larger  N  than  used  in  this  study  is 
indicated. 
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CONTROL  STICK  SPECIFICATIONS 
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Figure  16.  Control  Stick  Force/Displacement  Curves 
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TRANSFER  FUNCTION  COEFFICIENT  SYNTHESIS 
EQUATIONS  AND  COMPUTER  DIAGRAMS 
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APPENDIX  III10 

MODIFICATION  OF  TF  SYNTHESIS  PROCEDURE 


The  model  chosen  to  represent  the  operator  is  shown  in  figure  23. 
The  model  was  assumed  to  he  valid  for  both  controlled  axes,  with  no 
coupling  between  the  axes.  N  represents  a  noise  source  which  accounts 
for  the  portion  of  the  operators  output,  60,  which  cannot  be  accounted 


Figure  23.  Model  of  One  Operator  Control  Axis 


for  by  the  transfer  function  model.  Although  it  had  been  intended  to 
compute  all  five  coefficients  (A,  B,  C,  D,  r),  preliminary  studies 
indicated  that  this  effort  necessitated  computer  set-tip  accuracies  too 
stringent  to  be  maintained  with  reasonable  effort  during  the  course 
of  a  long  experimental  program.  Accordingly,  a  fixed  value  of  two- 
tenths  of  a  second  was  assumed  for  t. 


Figure  24  shows  a  block  diagram  of  the  continuous  regression 
analysis  program  for  one  axis.  The  other  axis  is  identical.  Basically, 
the  program  makes  use  of  the  method  of  steepest  descent  to  continuously 
drive  the  partial  derivatives  of  an  error  function  with  respect  to  the 
coefficients  to  be  determined  to  zero.  Ideally,  the  error  function  would 
be 


e(T)  = 


?/(e° 


^  » 

cos 


A  •• 

D0o 


-  Ae^t-,2) 


A  •  . 


•2) 


1 


T-t 


dt  (23) 


where  the  hats  represent  computer  estimates  of  the  coefficients  and  t  is 
chosen  to  be  long  enough  to  give  a  good  sample  for  the  regression  analysis 


10  This  appendix  was  written  by  T.  F.  Potts. 
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"but  short  enough  so  the  program  can  track  slowly  changing  coefficients. 

It  was  found  that  a  t  of  four  seconds  worked  quite  well.  The  signal  &6 
is  not  available  for  use  in  the  program.  If  0O  were  to  he  used  directly 
in  place  of  96  the  computed  coefficients  would  contain  a  bias  due  to  the 
uncorrelated  noise  N  (ref  5)»  Accordingly,  attempts  were  made  to  reduce 
the  effects  of  the  noise.  It  was  not  expected  that  the  bandwidth  of  the 
96  signal  would  much  exceed  five  radians  per  second  with  an  input  signal 
bandwidth  limited  to  one  radian  per  second,  so  all  signals  were  passed 
with  a  cut-off  frequency  of  ten  radians  per  second.  It  was  noted  that 
if  the  program  produces  a  good  estimate  9q  for  96,  the  difference  90-§6 
provides  a  good  estimate  of  the  uncorrelated  noise  N.  This  estimate 
was  then  low-passed  and  subtracted  from  90  to  improve  the  estimate  of  0q. 
The  program  was  tested  on  a  computer  mechanized  transfer  function  with 
the  filtered  output  of  a  second  noise  generator  serving  as  the  uncorrelated 
noise  signal  N.  (The  output  of  a  standard  EAI  noise  generator  was 
filtered  to  yield  a  noise  signal  with  a  bandwidth  of  approximately  10 
radians  per  second.)  The  simulated  transfer  function  with  known 
coefficients  was  substituted  into  the  system  loop,  i.e.,  the  loop  was 
closed  around  the  manalog .  It  was  found  that  the  program  would  compute 
the  transfer  function  coefficients  with  no  detectable  bias  if  the 
uncorrelated  noise  power  did  not  represent  more  than  about  twenty 
percent  of  the  total  power  in  the  output  signal. 

The  pertinent  analog  computer  mechanization  diagrams  are  shown  in 
Appendix  II. 
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APPENDIX  Vi 

INSTRUCTIONS  TO  SUBJECTS 
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APPENDIX  IV 


INSTRUCTIONS  TO  SUBJECTS 


INSTRUCTIONS  FOR  EXPERIMENT  I 

You  will  be  participating  in  a  tracking  experiment  that  we  have 
contracted  to  perform  for  the  Air  Force.  The  purpose  of  the  experiment 
is  to  evaluate  an  aiding  technique  known  as  quickening.  The  effects 
upon  your  tracking  performance  of  different  levels  of  quickening  will 
be  measured  in  several  ways.  One  performance  measure  will  be  your 
tracking  error  score.  Your  tracking  task  will  require  that  you  keep 
an  error  dot  centered  on  an  oscilloscope  display.  The  longer  you 
are  able  to  keep  the  signal  centered  the  better  will  be  your  error 
score.  We  will  also  use  an  analog  coirputer  to  derive  a  human  transfer 
function  equation  which  describes  your  performance.  This  equation  is 
derived  by  comparing  the  movements  of  the  displayed  error  signal  to 
the  movements  of  the  control  stick  that  you  make  in  response  to  the 
signal.  The  human  transfer  function  equation  includes  lead,  lag,  and 
simple  gain  terms.  A  primary  objective  of  this  experiment  is  to 
determine  how  the  relative  weighting  of  these  transfer  function  terms 
vary  with  the  different  quickening  levels  that  are  used. 

The  tracking  task  is  a  compensatory  type.  Essentially,  this  means 
that  you  make  control  movements  to  compensate  or  correct  for  errors.  The 
control  stick  is  used  to  keep  the  error  dot  centered  at  the  zero  position 
(pointing) .  Forward  movement  of  the  stick  causes  the  dot,  to  move  down¬ 
ward  (demonstrating)  and  rightward  movement  causes  the  dot  to  move  to  the 
right  (demonstrating).  You  will  sometimes  be  tracking  the  dot  in  both 
axes  and  at  other  times  in  one  or  the  other  single  axis  with  the  second 
axis  locked  out  (demonstrating).  You  can  adjust  the  intensity  and  null 
position  of  the  error  signal  by  these  controls. 

You  will  be  scheduled  for  several  1-1/2  hour  sessions  on  different 
days.  Each  session  will  consist  of  a  series  of  60-second  runs  with  one 
minute  breaks  between  each  run  and  a  five  minute  break  after  every  group 
of  five  runs.  You  may  also  ask  for  additional  breaks  whenever  you  feel 
you  need  one. 

One  of  the  purposes  of  the  experiment  is  to  evaluate  how  your 
performance  improves  with  practice.  You  should  therefore  do  the  very 
best  you  can  throughout  the  experiment  as  we  will  be  recording  your 
performance  beginning  with  the  very  first  trial.  For  each  experimental 
condition  you  will  be  given  from  one  to  several  hours  of  practice 
depending  on  how  long  it  takes  you  to  reduce  your  error  score  below  a 
certain  criterion  level. 
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At  the  end  of  each  run  your  error  score  will  he  indicated  on  these 
two  meters,  one  for  each  axis.  The  error  score  is  actually  computed  as 
the  ratio  of  your  tracking  error  RMS  to  the  input  signal  RMS.  Tracking 
error  RMS  tends  to  he  proportional  to  the  input  signal  RMS  and  the 
ratio  of  these  two  values  tends  to  he  a  more  stable  measure  of  your  progress 
than  does  the  error  RMS  alone. 

Earlier  I  mentioned  that  your  runs  would  he  60  seconds  long.  Before 
each  run  I  will  ask  if  you  are  ready.  The  run  will  start  within  two 
seconds  after  you  say  ’'ready.”  You  should  immediately  start  tracking 
the  error  dot  as  closely  as  you  can.  The  end  of  the  run  will  he  easily 
detected  since  the  error  dot  will  then  remain  fixed  at  the  center  position. 
There  will  then  he  at  least  a  one  minute  break  before  the  next  run  starts. 
Feel  free  to  ask  for  longer  breaks  whenever  you  feel  you  need  one.  We 
will  now  adjust  your  seat  so  that  you  are  seated  at  the  proper  distance 
from  the  apparatus.  Be  sure  that  you  adjust  the  seat  to  the  same  position 
for  all  runs.  During  your  first  trial  there  will  be  no  input  signal  and 
the  error  dot  will  merely  he  following  your  stick  movements.  We'll  have 
you  fly  this  way  for  a  couple  minutes  so  that  you  can  orient  yourself  to 
the  display  control  directional  relations. 

INSTRUCTIONS  FOR  EXPERIMENT  II 

For  the  next  three  sessions  you  will  he  given  a  total  of  100  trials 
under  the  no  quickened  condition.  You  will  probably  notice  that  the 
system  response  differs  from  what  it  was  earlier.  This  is  due  to  changes 
we  have  made  in  various  gains  in  the  tracking  network.  We  will  follow 
the  same  general  procedure  as  we  did  previously.  You  will  he  given  blocks 
of  five  one  minute  trials  with  the  normal  short  break  between  trials  and 
a  five  minute  break  between  each  block.  As  before,  feel  free  to  ask  for 
a  longer  break  whenever  you  need  one. 

INSTRUCTIONS  FOR  EXPERIMENT  III  -  Phase  I 

During  each  of  the  next  six  sessions  you  will  be  exclusively  track¬ 
ing  under  one  quickening  condition  in  one  axis  only.  You  note  that  we 
have  locked  the  control  stick  so  that  it  will  operate  only  In  the  one 
axis  (demonstrating)  and  that  we  have  disconnected  the  second  lead  to 
the  oscilloscope.  Here  is  your  copy  of  the  schedule  showing  the  order  of 
the  tracking  conditions  you  will  have. 

INSTRUCTIONS  FOR  EXPERIMENT  III  -  Phase  II 

During  each  of  the  next  ten  sessions  you  will  he  controlling  one  axis, 
with  the  Manalog  controlling  the  second  axis.  In  other  words,  even  though 
the  dot  will  be  moving  in  both  coordinates  you  need  control  it  only  in  the 
one  axis.  Note  that  the  control  stick  has  been  locked  so  that  it  will 
operate  only  in  the  one  axis  (demonstrating).  Here  is  a  copy  of  your 
schedule  showing  the  order  in  which  you  will  get  the  different  tracking 
conditions. 
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INSTRUCTIONS  FOR  EXPERIMENT  III  -  Phase  III 

During  the  next  eight  sessions  you.  will  have  a  dual  axis  tracking 
task.  During  these  sessions  you  will  he  tracking  under  a  variety  of 
quickening  combinations  for  the  two  axes  as  noted  here  on  your  copy  of 
the  schedule.  Note  that  we  will  be  changing  conditions  every  ten  or 
twenty  trials.  We  will  keep  you  posted  on  the  changes  as  we  make  them 
so  that  you’ll  know  where  you  are  on  the  schedule. 
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APPENDIX  V 


ERROR  SCORES  -  EXPERIMENT  I 
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Table  XXVI 


ERROR  SCORE  COMPARISONS  OF 
FQj.  AND  FQ2  FOR  TRIALS  95  THROUGH  100 


E  E  E  E 

x  S  x  D  y  S  y  D 


Subjects 

FQt 

JSk 

FQt 

Bz 

FQ, 

FQP 

FQl 

Bz 

B 

.1461 

.2049 

.0164 

.0302 

•  1534 

.2785 

.0343 

.0716 

G 

.  3.316 

.2340 

•  03-33 

.0252 

.1290 

.3128 

.0238 

.0605 

H 

.1603 

.2543 

.0227 

.0649 

•  1554 

•  2954 

.0292 

.0806 

J 

.1691 

.1701 

.0021 

.0020 

•  1371 

.2700 

.0022 

.0038 

K 

.1371 

.2094 

.0109 

.0120 

.1696 

•  1754 

.0360 

.0136 

L 

.1354 

.2427 

.0096 

.0163 

•  1595 

.1715 

.0229 

.0283 

M 

.1946 

.2382 

.0294 

.0344 

.1516 

■ — 1 
\o 

CM 

.0306 

.0392 

N 

.1427 

.2183 

.0463 

.0250 

.1522 

.1947 

.0890 

.0251 

R 

.1629 

.1969 

.0263 

.0159 

.1219 

.1876 

.0272 

.0147 

W 

.1744 

.2033 

.0332 

.0234 

.1544 

.2544 

.0356 

.0470 

Means 

.1554 

.2172 

.0210 

.0249  ■ 

.1484 

.2402 

•  0331 

.0384 

T  Values 

Fx<F2: 

0* 

*1  < 

>:  21** 

Fx  <F2 : 

0* 

^.<F2: 

21** 

Significance  levels  (Wilcoxon  Matched  Replicates  Test): 
*  p  <  .01  **  N.S. 
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Table  XXVII 


ERROR  SCORES  FOR  PQ  AM)  HQ 
F®  TRIALS  95  THROUGH  100 


yED 


Subjects 

PQ 

HQ 

pq 

HQ, 

PQ 

hq 

PQ 

HQ 

B 

.0996 

.0894 

.0279 

.0894 

.1276 

.1259 

.0937 

.1259 

G 

.1006 

.0265 

.0203 

.0265 

.1344 

.0788 

.0429 

.0788 

H 

.1044 

.0959 

.0340 

.0999 

.1242 

,1417 

.0431 

.1417 

J 

.1106 

.0558 

.0233 

.0558 

.1381 

.1452 

.0491 

.1452 

K 

.0989 

.0830 

.0356 

.0830 

.1071 

.1237 

.0514 

.1237 

L 

.0872 

.0181 

.0611 

.0181 

.1024 

.0252 

.0124 

.0252 

M 

.1151 

.1217 

.0248 

.1217 

.1233 

.1678 

.0314 

.1678 

N 

.1201 

.0429 

.0276 

.0429 

.0868 

.0668 

.0233 

.0668 

R 

.0911 

.0626 

.0186 

.0626 

.0822 

.0648 

.0285 

.0648 

W 

.1173 

.1267 

.0278 

.1267 

.1013 

.2342 

.0294 

.2342 

Means 

.1045 

.0723 

.0301 

.0723 

.1127 

.1174 

.0405 

.1174 
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Table  XXVIII 


ERROR  SCORE  COMPARISONS*  OF  FQX,  PQ,  AND  NQ 
FOR  TRIALS  105  THROUGH  110 


Subjects 

FQt 

a 

NQ 

FQx 

PQ 

NQ 

B 

.l6o4 

.0923 

.0758 

.0260 

.0198 

.0758 

G 

.1452 

.1126 

.0227 

.0172 

.0154 

.0227 

H 

.1769 

.1277 

.1447 

.0344 

.0405 

.1447 

J 

.1979 

.1529 

.0577 

.0374 

•0359 

.0577 

K 

.1282 

.0896 

.0758 

.0184 

•  0155 

.0758 

L 

.1516 

.0920 

.0206 

,oi4i 

.0148 

.0206 

M 

.1996 

.1225 

.0968 

.0328 

.0244 

.0968 

N 

.1625 

.1022 

.0317 

.0262 

•0159 

.0317 

R 

.1323 

.1105 

•0393 

.0146 

.0134 

.0393 

V 

.1625 

.1659 

.1809 

.0305 

.0943 

.1809 

Means 

.1617 

.1168 

.0746 

.0252 

.0290 

.0746 

y  s 

y  d 

FQi 

PQ 

NQ 

FQi 

PQ 

NQ 

B 

.2114 

.1036 

.1237 

.0412 

.0363 

.1237 

G 

.1540 

.1217 

.0765 

.0234 

.0220 

.0765 

H 

.1468 

.1313 

.1129 

.0278 

.0538 

.1129 

J 

.2312 

.1571 

.1741 

.0527 

.0438 

.1741 

K 

.1575 

.1089 

.0801 

.0435 

.0237 

.0801 

L 

.1851 

.0977 

.0384 

.0245 

.0132 

.0384 

M 

.1978 

.1053 

.1566 

.0262 

.0280 

.1566 

N 

.1942 

.0965 

.0628 

.0381 

.0215 

.0628 

R 

.1647 

.1274 

.0490 

.0215 

.0238 

.0490 

W 

.2358 

.1787 

.2810 

.0715 

.1164 

.2810 

Means 

.1878 

.1228 

•  1155 

.0370 

.0383 

.1155 

*  Any  two  treatment  means  not  unders cored  by  the  same  line  are  signifi¬ 
cantly  different.  Any  two  treatment  means  underscored  by  the  same  line 
are  not  significantly  different.  The  Wilcoxon  Matched  Replicates  Test 
was  used  for  the  comparisons. 
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APPENDIX  VI 

TRANSFER  FUNCTION  BODE  PLOTS 
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APPENDIX  VI 


TRANSFER  FUNCTION  BODE  PLOTS 


The  following  Bode  Plots  are  for  the  combined  man-machine  system. 
Plots  are  presented  for  the  individual  subject  and  also  for  the  optimum 
man-machine  transfer  function  for  the  various  quickening  levels.  The 
Bode  Plots  were  generated  from  a  consideration  of 

0O  _  Gl  g2 

E  1  +  Qx  G2  G3 


where 


h  Kc  *p  e'TS  <v  *  u 

1  +  (T„+Tj)  3  +  TB  •  TjS2 


f,  _  _ 

« 2  -  2 

S 

g3  =  axs  +  a2s2 

The  general  configuration  is  shown  in  figure  25. 


+ 


g2 

Figure  25*  Block  Diagram  Used  for  the  Construction  of  Bode  Plots 
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The  terns  Tt,  %  +  Tp  %  *  T,,  and  Kp  are  given  in  table  IV  for 
trials  95  through!  100  of  experiment  I  and  in  table  X  for  trials  95 
through  100  of  experiment  II.  For  experiment  I 

Scope  Gain,  Kg  =  1 

Control  Stick  Gain,  =  5 

Mechanism  Gain,  =  5 

For  experiment  II,  group  A 

Ks  -  1  \ 

Kc  =  5 

•Si"1 

and  for  experiment  II,  group  B 

Rs  =  2 

KC  =  5 

for  FQX 

ctjL  =  *5 

a2  =  .125 

and  for  FQ2 

dj.  =  *707 
a2  =  .125 

In  the  FQ  case 

al  =  *5 

Q2  =  0 


and  In  the  HQ,  case 

ax  =  o 
a2  =  0 
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All  Bode  plots  were  constructed  by  using  a  transport  delay  of  .2 
seconds . 

In  the  figures  that  follow  note  that  the  subject,  the  quickening 
level,  and  the  axis  are  designated  at  the  top  of  the  figure  according 
to  the  following  conventions: 

FQ:  Full  Quickening 

PQ:  Partial  Quickening 

IKi:  No  Quickening 

X:  Lateral  Axis 

Y:  Longitudinal  Axis 

For  experiment  I,  Bode  plots  are  presented  in  the  order  FQ^  FQ2, 
PQ,  and  NQ.  Twenty-one  Bode  plots  are  presented  for  each  of  these 
quickening  levels  with  the  first  plot  being  that  for  the  optimum  trans¬ 
fer  function  followed  by  two  plots  (for  the  X  and  Y  axes)  for  each 
of  the  10  subjects.  The  Bode  plots  for  experiment  II  follow  those  for 
experiment  I.  There  are  10  plots  (5  subjects  x  2  axes)  for  each  of 
the  two  groups  of  experiment  II.  The  Bode  plot  for  the  optimum 
transfer  function  for  both  groups  of  experiment  II  is  identical  to  that 
presented  in  figure  89  for  the  NQ  condition  of  experiment  I. 
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APPENDIX  VII 


TF  PARAMETERS  AS  A  FUNCTION  OF 
FORCING  FUNCTION  BANDWIDTH 


The  data  of  experiment  I  do  not  permit  the  determination  of  adjust¬ 
ment  rules  describing  the  relation  of  TF  parameters  to  the  bandwidth  of 
the  forcing  function  similar  to  those  reported  in  reference  1.  However, 
data  from  another  study  (ref  25)  does  permit  such  an  investigation. 
Specifically,  the  reference  study  required  that  the  man  perform  compen¬ 
sation  tracking  rising  apparatus  identical  to  that  of  the  present  study 
with  the  exception  of  the  forcing  function.  A  set  of  12  forcing  functions 
ranging  in  bandwidth  from  1.27  to  14.23  radians  per  second  was  used.  Each 
signal  was  a  composite  of  five  sinusoids. 

Signals  1-4  consisted  of  the  summation: 


8 

•jr  (cos  (Bit  -  COS  (Dgt  +  COS  O03t  -  COS  CO^t  +  Sin  cost) 
while  signals  5-12  were  generated  from: 

8 

■jr  (sin  a>it  +  sin  co2t  +  sin  a^t  +  sin  co^t  +  sin  cost) 


(24) 


(25) 


The  individual  for  each  signal  summation  is  listed  in  table  XXIX. 

Curves  for  the  transfer  function  coefficients  as  a  function  of  the 
highest  frequency  in  each  group  are  plotted  in  figures  130  through  133* 
An  examination  of  these  curves  shows  that  the  gain  for  the  full  quicken¬ 
ing  case  behaves  exponentially.  That  is,  the  gain  as  a  function  of 
frequency  can  be  satisfied  by  the  general  expression 


K  -  Oj  <r-ai“  +  C2  e-a*°  (26) 

The  gain  for  the  partial  quickening  and  no  quickening  cases  suggests  the 
same  sort  of  phenomenon  except  that  a  sinusoidal  component  appears.  This 
can  be  characterized  by  the  general  expression 


K  =  Ci  e"aiai  sin  bco  (27) 

Both  of  these  equations  are  solutions  of  the  general  second  order  linear 
differential  equation 
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H  v£> 


(28) 


<3cd 


p2K 


c 


A  fit  of  this  equation  to  the  data  was  performed  with  the  aid  of  an 
analog  computer  and  the  results  are  shown  in  figures  134  through 
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Table  XXIX 


FORCING  FUNCTION  FREQUENCIES 


Signals 

OH 

CP3 

0x4 

“5 

1 

1.27 

.87 

•59 

.41 

.19 

2 

2.51 

1.49 

.83 

.43 

.23 

3 

3.59 

1.99 

1.13 

.53 

.29 

4 

4.87 

2.63 

1.37 

.67 

.31 

5 

5-93 

3.31 

1.67 

•79 

•  31 

6 

7.19 

3-97 

1.91 

•  89 

.37 

7 

8.29 

4.49 

2.11 

•  97 

•  37 

8 

9-47 

5.03 

2.41 

1.07 

•  37 

9 

10.69 

5.63 

2.71 

1.13 

.41 

10 

11.81 

6.19 

2.93 

1.27 

.43 

11 

13-07 

6.91 

3-17 

1.37 

.43 

12 

14.23 

7.51 

3.49 

1.49 

.47 
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Figure  130.  K  plotted  as  a  function  of  frequency 


2.00 
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Figure '131-  T,  plotted  as  a  function  of  frequency 
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Figure  132.  T  +  T  plotted  as  a  function  of  frequency 


FQ  Case 

Fit  of  .  K  with 
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Under  PQ  Condition 


NQ  Case 


Figure  13'';.  Second  Order  Linear  Differential  Equation  Fit  For 
vK-n  Under  NQ  Condition 
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